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Conrents. — 1. Introduction. — 2. Experimental arrangement. 1. Exposure 
and detection of events. 2. Deduction of B,. — 3. Sources of error. — 
4. Results. 1. Binding energies. 2. Collateral results. — 5. Discussion. 
— ApPENDIX A. — APPENDIX B. 


1. — Introduction. 


® The hypothesis that a A can bind to to a nuclear fragment, forming a 
« hyperfragment », was first advanced by DANYSZ and PNIEWSKI (') to explain 
the very energetic disintegration of a long-lived unstable particle emitted from 
a cosmic ray star. Shortly thereafter, observations by the Paris group (?) 
and by the Genoa-Milan group (*) ruled out several possible alternative ex- 


(*) Supported by the Greenewalt Nuclear Physics Fund, the Office of Naval 
Research, the U. S. Atomic Energy Commission, and by the Air Force Office of Scien- 
tific Research, Contract No. AF 49(638)-209. 

(+) A thesis submitted to the Department of Physics, the University of Chicago, 
in partial fulfilment of the requirements for the Ph. D. degree. 

(1) M. Danysz and J. PNIEWSKI: Phil. Mag., 44, 348 (1953). 

(2) J. Crussarp and D. MORELLET: Compt. Rend., 236, 64 (1953). 

(3) A. BONETTI, R. Levi SettI, M. PANETTI, L. SCARSI and G. TOMASINI: Nuovo 


Cimento, 11, 210, 330 (1954). 
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planations allowed by the earlier event and firmly established the x~-mesic 
decay of hypernuclei. Since then, numerous examples (45) have been reported. 
As a rule, only a few events were obtained from any particular source. A 
notable exception is the extensive work of Fry et al. (°) which produced a 
total of 17 m--mesic hyperfragments. 

The present experiment was undertaken to establish the A-particle binding 
energies (B,) for several hypernuclides with an accuracy comparable to the 
present uncertainty in the value of Q,, the energy released in the decay of 
a free A. This was attained for ‘H,, *He,, and *He,, while less exact results 
were obtained for 7Li,, *hLi,, *Be,, and *Be,. The identification of the 
heavier hypernuclei was frequently not so reliable because of their complicated 
decay modes, rarity of occurrence, and the frequent appearance of very short 
recoil tracks. 

Several hundred non-z--mesic decays were found in the present general 
investigation of hypernuclei. These are being analysed using automatic com- 
puter techniques, and they form the basis of a second report (7). The impor- 
tance of such events to determine the mesic to non-mesic decay ratio as a 
function of charge and mass number has been considered by RUDERMAN and 
KARPLUS (8). The present report considers neither possible 7°mesic nor non- 
mesic events; it deals only with events generally best suited to yield binding 
energies, namely those in which a negative pion is emitted. 

The methods of detection and analysis employed here are described in 
Sect. 2. Sources of error are discussed in Sect. 3. In Sect. 4, binding energies 
are presented together with some collateral results [cos 0_, (for definition 
see Fig. 10), the « A » momentum distribution, the apparent « A » Q-value, hyper- 
nuclear lifetime, and primary star characteristics]. Some implications of the 
results are considered in Sect. 5. A description of our measurements together 
with an estimate of experimental errors and an account of identification me- 
thods are presented in an Appendix, Sect. 6. 

Our binding energies are in good agreement with other results (provided 
one always uses the same value of @,), although we have not summarized 
them here. The compilation of all available data is the subject of a more 
comprehensive undertaking (*). Preliminary partial results on x--mesic decays 
and non-mesic decays from the present investigation were already reported (°). 


(4) A. FILIPKOWSKI, J. GIERULA and P. ZIELINSKI: Acta Phys. Pol., 16, 141 (1956). 

(°) R. Levi SETTI, W. E. SLatER and V. L. TELEGDI: Proc. of the Tth Annual 
Rochester Conference, 1957 (Preliminary Report) and Suppl. Nuovo Cimento, 10, 68 (1958). 

(6) W. F. Fry, J. ScHNEPS and M. S. Swami: Phys. Rev., 99, 1561 (1955); 101, 
1526 (1956); 106, 1062 (1957). 

() E. SiLverstEIN: Suppl. Nuovo Cimento, 10, 41 (1958). 

(8) M. RUDERMAN and R. KARPLUS: Phys. Rev., 102, 247 (1956). 


(°°?) W. E. SLATER, E. SILvERSTEIN, R. Levi SETTI and V. L. TELEGDI: Bull. Am. 
Phys. Soc., 1, 319 (1956). 
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2. — Experimental arrangement. 


21. Exposure and detection of events. — An emulsion stack of 50 1mm 
and 35 0.6mm Ilford G-5 pellicles, 4in.x6in. in area, was exposed to a 
beam of 4.5 GeV x- at the Bevatron. The total dose was 105 7-/cm?. The 
most energetic pion beam from the Bevatron was chosen in preference to the 
circulating proton beam since the former, in pion-nucleon collisions, yields 
more center-of-mass energy than the latter beam does in proton-nucleon col- 
lisions. This increases the chance to produce a slowly moving A hyperon 
which may become attached to a nuclear fragment. Hyperfragment production 
by K_ was not used since at the time of the exposure (March 1956) no clean 
K beams were available. As experience has since shown, such a x exposure 
yields hyperfragments of generally longer ranges than a K~ exposure. 

The pellicles were not mounted on glass, either during processing or scan- 
ning. This unorthodox procedure yielded more uniform processing of the 
thick pellicles, and allowed events to be observed through either surface. To 
provide a co-ordinate system, a grid (1°) was photographed onto each pellicle. 
Events were detected by area scanning, under a magnification giving a field 
diameter of 1.2mm. Observers examined all « small » stars (number of prongs 
< 4) for possible incoming tracks, in addition to recording all manifestly con- 
nected stars. 

The pellicle thickness is the principal limitation in detecting randomly 
oriented, connected events within a single pellicle. Without tracing all prongs 
from the primary zx~ interactions, an increase in pellicle thickness not only 
enhances the detection of such connected events, but also improves the effi- 
ciency of scanning for «small» stars separated from parent stars which may 
be located several pellicles away. One result of this procedure was the dis- 
covery of a nuclear interaction of a hydrogen hypernucleus (11). 

The stack size was chosen so that most secondary pions from hyperfragment 
decays near the stack center would be arrested. A $ inch border on each pel- 
licle was not scanned. No secondary pions were observed to escape from the 
stack. Of the 43 mesic decays reported here, 40 were found in this stack, 
two in a previous 3 GeV 77 exposure, and one in a K™ exposure (”). 


22. Deduction of B,. — An event is uniquely identified when there is a 
single assignment of decay particles for which the total momentum is zero 
(for decays at rest) and which leads to a non-negative B,. The method used 


10 . SILVERSTEIN and W. E. SLATER: Journ. Sci. Instr., 33, 381 (1956). 


Ge) 

(4) R. Levi SerTI and W. E. SLatER: Nuovo Cimento, 6, 51 (1957). 

(12) Event 42 was found in a K exposure scanned by the emulsion group of 
Prof. M. ScHEIN. We are indebted to Prof. ScHEIN for the gift of this event. 
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by us in interpreting three body decays, which leads to the smallest residual 
momentum, is described in Appendix B. B, is most conveniently computed (**) 
from the equation: 


(1) M,+M,-B,=Y.M+Q=M, (c=1), 


where the various M’s are the rest energies of the particles involved in the 
event and Q is the total kinetic energy released. F’ represents the nuclear 
core to which the A° particle is bound; F is the hypernucleus in question, 
and the index i labels the ith decay particle. Rearranging (1) and defining 
Q(F, M;)= M,+M,- > M,, one has 

t 


(1') Bi= 9 - 


Table I lists the constants necessary for computing B, for a number of decay 
schemes. i 


TABLE I. — @ for certain mesic decays of light hypernuclei. 
Q = My + My—> Mi. 


M(!H) = (938.21 0.01) MeV (14), 
M(x-) = (139.63+0.06) MeV (13), 
Q = (37.22+0.2) MeV (1518) , 
fe=11) 
For all disintegrations of the form: F +>x~+1H+F’', Q,=Q,4. 


Hyper- Mp+Myj—M(r-) | Decay products Vo 
nucleus (MeV) ! excluding x- (MeV) 
3H, 2850.92 | sHe 42.71 
27H + n 34.99 
aH 3784.17 | ‘He | 57.02 | 
1H +2H +n | 30.96 | 
2°H | 33.19 
SHe d-n ! 36.45 
‘He, | 3 783.64 23H + °H | SIE 
1 35H +n | 29.50 


(18) N. SEEMAN, M. Shapiro and B. STILLER: Phys. Rev., 100, 1480 (1955). 
(22) Ate ELe ROSENFELD: Compilation of masses and lifetimes of elementary particles, 
May, 1957 (private communication) 


(15) M. W. FRIEDLANDER, D. KeEFE, M. G. K. MENON and M. MERLIN: Phil. 
Mag., 45, 533 (1954). 


(8) W. H. BaRKAS: Padua-Venice Conference (Sept. 1957). 
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TABLE I (continued). 


Hyper- o Mp+Max = Mr) Decay ‘products 
nucleus (MeV) excluding 7 (MeV) 
SHey 4702.58 1H +%He +n 16.65 
21H +?H-+n 11.16 
SH + 2*H i 13.39 
21H + *H 17.42 
"Li, 6576.59 7 *He + ‘He 41.23 
iff + 2H + 4He SONIA 
2!1H+*He+n 3 Soto 
"Be 42.82 
shiv 7508.85 2A + SLi 32.20 
1H + 3H + 4He 34.75 
24He 54.55 
3He + *He +n 33.98 
1H +?H +4He+n 28.49 
SI 8 446.32 2A + hi 37.41 
2H+3H + “He 34.94 
Be 54.09 
24He +n 52.51 
1H+"Li+n 35.18 
17 + 9H + 4He +n 32070 
2°H +4He+n 28.68 
SBE, 7509.20 1H + 8He + *He 35.63 
21H + ?H + 4He 30.14 
"Ben 8 429.82 1H + 24He 576911 
21H + Li 19.98 
°B 37.59 
1H +7Be+n 18.33 
Be, 9 367.66 2H + 24He SUEST] 
0B 43.81 
1H + 24He +n 35.64 
BEX 10 300.35 3H + 24He Sino 
° 1B 48.45 
2H + 24He +n 31-05 
LB 10301.28 ne 47.91 
12363, 122799: uC Db 
1H + 4He + ‘Li 28.55 
BA 12163.47 10 54.75 
1H + 4He+ 7hi+n 25.18 
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Q,, and therefore B,, depend on the magnitude of M,., i.e., on whether 
the hypernucleus disintegrates from its ground state or from an excited state. 
We assume that M,, had its ground state value in each event. 


he ors 


On the other hand, one can never rule out that one or more of the dis- 


integration particles are left in excited states, since their radiative decay would 
not be observed in emulsion. We have assumed the emission of excited Li 
recoils to explain two hyperlithium decays. 


3. — Sources of error. 


Errors from the following five sources contribute to the error in B,: 
a) range straggling (mainly of the pion), d,; 
b) the uncertainty in the adopted (17) range-energy relation, 6,,3 


c) the error in stopping power ealibration with respect to the standard 
emulsion (of density 0,,, = 3.815 g/cm?) to which the adopted range- 


energy relation applies, 6,,; 


d) the uncertainties in Q), 090; 


e) sundry experimental errors, 6,.,, which are evaluated in Appendix A. 


exp? 


We take 6B, = (62+ 62)’ +ò,,4d,,+0® a8 the total error in a parti- 
cular B, value. In weighting events to deduce average binding energies, usually 
only the effects of 6, and 6,,, ought to be considered, since dQ0; 6,,, and 6,, 
are systematic and affect all results for a given decay mode in the same di- 
rection. [Special consideration is required for *H, and ‘Li, in which there 
are competing decay modes (see Section 41.1 and 41.3.)] 

The error due to range straggling, 6,, was estimated using the data of 
BARKAS and YOUNG (!8), converted to pions as described in that reference. 
This is the major contribution to the total error in a single event; it ranges 
from 0.3 to 0.9 MeV. 

To determine the energies of singly charged particles, we adopted the latest 
range-energy relation of BARKAS et al. (17) which is claimed to have a range uncer- 
tainty of + 1% for a given energy. Consequently, we assume an uncertainty 
of + 0.6% in all energies determined from this relation. The contribution 


(17) W. H. Barxas, P. H. BarRETT, P. Ciier, H. HECKMAN, F. M. SMITH and 


H. K. TicHo: Nuovo Cimento, 8, 185 (1958) and W. H. BARKAS: Nuovo Cimento, 8 
201 (1958). 


(!*) W. H. BarKas and D. M. Youne: UCRL 2579 (1954). (In particular, Table III). 
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from this source to the error in a B a Value is the one designated above by 6 
It amounts to (0.2 --0.3) MeV. 

The stopping power and average pellicle thickness can be deduced from 
the following quantities which were measured: 


RE 


1) Average thickness, determined from five direct measurements of each 
pellicle (accuracy +5 um); 
) Area of each pellicle (determined with the aid of the grid); 
) Weight of each pellicle (accuracy + 0.17%); 
4) Density of samples of the pellicles (by direct measurement); 
) 


Density deduced from the muon ranges in xt +pt decays within 
the stack. 


The two unknowns are thus overdetermined. A comparison of the density 
values (4) and (5) with the one determined by combining the information 
of (1), (2), and (3) shows satisfactory agreement: 


(1-23): (3.775 + 0.026) g/cm? 
(4): (3.788 + 0.015) g/cm? 
(5): (3.771 + 0.040) g/em?. 


We adopted a mean density 0= (3.78 + 0.02) g/cm’. 
The average thickness of each pellicle was deduced from (2), (3), and o. 
Before converting them to energies, all pion and proton ranges were cor- 
rected by a factor: 


(2) 1 + 0.86 (6 — 0443)/Ona = 0.9921 + 0.0021 . 


The factor 0.86 appears since adding water to emulsion does not simply dilute 
the electron density; it was estimated for our energy interval from Fig. 3 of 
Ref. (7). The error in this factor (0.21%) induces an error in B,: 6,,= 
= 0.15%Q, Q being the total energy released in a given decay. 6,, ranged 
between 0.05 and 0.1 MeV. 

Of the errors in @,, the largest is the uncertainty in Q,, + 0.2 MeV (*"*). 
In order to reduce its systematic effect (i.e. the part depending on the range- 
energy relation), Q, was recomputed from the published ranges and angles 
of nine free A decays of FRIEDLANDER et al. (1°), using the presently adopted 
range-energy relation (17) and pion mass (14). For the same reason we omitted 
one event in which a high energy (130 MeV) proton does not stop in their 
stack. We then obtain Q, = (36.75 + 0.2) MeV. This value differs from Fried- 
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lander’s (1°) own re-estimate of Q, from these events, made using an older 
(April 1956) range-energy relation (2°). The more recent relation (17) yields 
energies systematically less for a given range than Ref. (2°) by an average 
of about 0.5%. According to FRIEDLANDER (!°) a systematic change in energy 
of 1% would alter their own @, re-estimate in the same direction by about 
0.39 MeV. The value 36.75 MeV is therefore in essential agreement with 
Huet s (12): 

More recently, BARKAS (!) reported 18 new events giving @, = (37.45 + 
+ 0.17) MeV. Combining these two values, and weighting by the numbers 
of events, we get Q,= (37.22 + 0.2) MeV. This is the value we adopt. It is 
subject to a systematic error, 6,,, which is not necessarily of the same mag- 
nitude as that of our hyperfragments, because Q, is obtained from decays in 
flight, using a wider domain of the range-energy relation. For this reason, 
in our error estimate 6,, and dQ, are added. From the disagreement between 
the above two values of Q, we might conclude that the quoted statistical 
dispersions somewhat underestimate the true error. For the sake of consis- 
tency, no @, estimates were taken from non-emulsion sources. 

The masses of most nuclei used in the present analysis, taken from 
Wapstra’s tabulation (?1) are known to better than + 0.02 MeV. 


4. — Results. 


The experimental data describing our events are collected in Table II. 
We now discuss the various results that can be extracted from them. 


41. Binding Energies. 


41.1. Hydrogen. — The only hydrogen hyperfragments positively iden- 
tified here have A=4. Two decay modes were observed: 


*H, >n-+ ‘He, five cases: four at rest, one in flight; 
‘H\>n_+'!H+*H, two cases at rest. 


Photomicrographs of both types of events are shown in Pigs. 1 ‘and 2." Indis 
vidual binding energies are listed in Table III; the mean values of B a from 
the two modes are (1.12 + 0.42) MeV and (1.64 + 0.43) MeV, respectively 


(5) M. W. FRIEDLANDER: Recalculation of the A°-particle Q-value (private com- 
Munication, 1957). Uses R-E relation of ref. (29), . 

(*°) W. H. Barxas: UCRL 3384 (1956). 

(21) A.-H. Warsrra: Physica, 21, 378 (1955). 


Fig. 1. — Photomicrograph of a two-body 

decay: ‘H,-n-+4He. Track F was pro- 

duced by the 4H, which disintegrated at 

point O’; track A by a negative pion which 

terminated in a zero prong star at 0'; track 
B by a 4He nucleus (event no. 14). 


W. E. SLATER 
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ore Photomicrograph of event 18: ‘Hy +n 4+1H+3H. Track È was produced 
by the 4H, which ended at 0; track A by a x which on stopping at 0’ produced 
a three prong star; track B, by a proton, and track 0 by a triton. 


A SYSTEMATIC STUDY OF HYPERFRAGMENTS PRODUCED ETC. - I Wy 


where the quoted error is (6% + 62). The difference between these two values 
could possibly be real for the following reason. Since ‘He is formed in the 
first reaction, the Q's for these two modes are widely different: 57.02 MeV 


TABLE III. — Identified 4H, events. 


Event Q Ba Os Osp Px (9) R; (°) o (°) 
| (MeV) | (MeV) (MeV) | (MeV) (MeV/c) (um) (um) 
| | 
Two body decays: *H, >r-+*He 
7 | 55.69 1.33 0.89 0.09 1332 8.4 8.5 
14 56.06 0.96 0.89 0.09 19377 8.5 8.1 
25 DDL Leo 0.89 0.09 132.6 8.4 8.5 
26005650 0.52 0.89 0.09 134.3 | 8.6 8.3 
37 | 55.98 (4) 1.04 0.89 0.09 Decay in flight. 
Three body decays: *H, ~z-+1H+?H 
11 | 35.32 | 1.90 0.55 | 0.06 46 ey PETG | 14 
18 | 35.82 | 1.40 0.52 0.06 139 | 50 50 
By= 1.38 MeV; 6; = 0.28 MeV; è = 0.11 MeV; 
V 52 + é2,=0.30 MeV; 6px(r-+'He)=0.3 MeV;  dpy(x- +!H-+*H)=0.2 MeV 
(*) P,= recoil momentum, determined from pion (and proton) momenta. 
(°) R;= recoil range, inferred from P, and Fig. 13. 
(°) Ry = observed recoil range (see Appendix B). 
(7) In the hyperfragment rest system. 


and 37.22 MeV, respectively. Since the decay pions have considerably dif- 
ferent ranges (4cm and ~ 1.5 cm respectively), we cannot be certain that 
ò,, even has the same sign for both modes. 

Since the quoted internal errors on the two mean B,’s fort these two 
modes are nearly equal, and since one does not know a priori in which region 
the adopted range-energy curve (17) is more nearly correct, we weight these 
two values equally, giving: B,(‘H,)=1.38 MeV, (6:+62,,)?=0.30 MeV, 
0.25 MeV, 0,,— 9.08 MeV. 

Two additional decays, nos. 19 and 41, are probably x~+1H-+recoil, where 
the recoil is too short to be visible. Table IV contains their B,’s computed 
for different choices of recoil. Because both these events yield B, values 
which are small in comparison to the mean B, for mass 4 and because By 
appears generally to increase with increasing A, it is unlikely that either 
event has mass greater than 4. A ò-ray count on the fragment track esta- 
blished event 41 as hydrogen. Both events 19 and 41 could be attributed 


2 - Supplemento al Nuovo Cimento. 
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either to ?H,->7-+2 !H'or to 5H,>x-+!'H+*H. The possibility that either 
represents ‘H, > x-+!'H+*H+n is excluded by the large negative B, shown 
in Table IV. 


TABLE IV. — Unidentified Hy events. 


BA (MeV) 


Possible decay scheme : = È 
Event 19 Event 41 | 
234H, >n-+!H+123H 0.69 | SIAT 
45He, >n-+!H+ ®4He 0.69 => 
| 4H, >r+4!H+?H+n — §-6 | — 6.7 


Thus no hypertritons have been positively detected in the present exper- 
iment. This is surprising since most of the earliest « identified » hyperfragments 
were attributed to this hypernuclide. A check of the literature (22:28) and of 
the original data of various workers reveals the possibility of alternative inter- 
pretations for many of these events, especially for the presumed decays 
°H,>7-+2/H+n. This possibility is Strengthened by the large spread in 
the binding energies (5) of presumed hypertritons taken indiscriminately from 
the literature. This spread is about three times the magnitude determined 
here for hydrogen and helium. 


41.2. Helium. - Twenty-one hyperhelium decays were found. The re- 
sults for individual events are listed in Tables V, VI and VII. Eleven events 
were identified as *He,, of which ten with certainty; seven as ‘He,, of which 
two were merely probable; and 3 have been impossible to assign. Prototypes 
of ‘He, and *He, events are shown in the photomicrographs of Figs. 3 and 4. 
Events No. 24 and No. 25 were assigned to ‘He, and No. 31 to *He, partly 
on the basis of their deduced B, values. These three non-well-identified events 
are therefore not used in computing the mean B,’s. 


From the five unambiguous cases of ‘He, >x-+!H+*He listed in Table Ve 
we find: 


B,(“He,)=1.84 MeV, (65 + dè )} = 0.27 MeV. 


exp 


bsp = 0.06 MeV, d,,= 0.2. MeV. 


(22) D. HASKIN, T. Bowen, R. GLASSER and M. SCHEIN: Phys. Rev., 102, 244 (1956). ~ 
(23) O. SKJEGGESTAD and S. 0. SORENSEN: Nuovo Cimento, 3, 652 (1956) 
knowledge this is the only hypertriton event which has appeared 
of ref. (2), which includes a bibliography of all previous such e 


. To our 
since the publication 
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È Fig. 3. — Photomicrograph of event 20: ‘Hex >x-+!H+#*He. The charge of the hyper- 
fragment (track F) was determined as two by counting 3-rays. The decay tracks 
ghaa 419 ang Joa “els (08 Ss, 
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He 11> + H+ He" 


Fig. 4. — Photomicrograph of a typical 5He, decay (event no. 15): 
°Hey (track F) >r- (track A) +14 (track B) + “He (track 0). 


ri 
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TABLE V. — ‘Hey >r-+!H+*He. 


Event Q : By Os Ogp P, R; o 
(MeV) (MeV) (MeV) (MeV) (MeV/c) (um) (um) 
20 34.72 2.50 0.54 0.06 118 9.3 9.5 
21 35.41 eS 0.54 0.06 134 1S. Bias 
30 35.59 1.63 0.52 0.06 ial 10.0 11.0 
33 35.40 1232 0.54 0.06 84 4.4 4.5 
39 35.79 1.43 0.5* 0.06 141 15.0 14.22 
B,= 1.84 MeV; Oy = 0.24 MeV; Sexp = 0.13 MeV; 
V/ 62 + 62, = 0.27 MeV; Opp = 0.21 MeV 
TaBLe VI. — 'He, >x- + 1H + “He. 
Il 
Hyent Q BA | Os Osp P, R; Ry 
e (MeV) (MeV) | (MeV) (MeV) | (MeV/c) (um) (um) 
6 34.64 2.58 | 0.31 0.06 218 30.0 29.5 
12 34.79 2.43 | 0.49 0.06 131 8.1 6.8 
15 Soro 3.85 0.42 0.06 1557 12.4 JIDE 
16 Accidentally destroyed 154 11.8 MIE 
D3 33.92 3.30 0.47 0.06 114 6.1 6.0 
DI 34.10 Biol BY 0.42 0.06 182 18.2 19.3 
29 34.65 DADI 0.31 POSES ct) 208 2.622 2002, 
40 34.41 2.81 0.54 0.06 85 Boil 3.0 
42 34.54 2.68 0.54 031841) 142 9.7 ST 
43 34.90 3.22, 0.51 0.06 127 7.6 8.0 
Ba = 2.97 MeV; ds= 0.14 MeV; Ses = 0.10 MeV; 
/ 52 + 62, = 0.17 MeV; San = 0.20 MeV 
(*) Events 29 and 42 were found in stacks whose stopping power was not calibrated. 
TaBLE VII. — *°He, >x-+!H+*4He indistinguishable. 
i Q (MeV) By (MeV) R, (um) 
POI Lisp 
“Sg (MeV/c) (um) 
“He 5Hex <H{en Hey È Ho Hey “” 
16; 34.79 | 34.59 2.43 2.63 68 3.0 2.6 2.9 
DA 34.94 34.83 2.28 2.39 50 1.9 1.8 9) 
24 35.51 30007 zo 1.85 57 DE) Pap 2.5 
31 34.03 33.84 3.19 3.38 67 SEO 2.6 Tel 
35 35.58 35.48 1.64 1.74 47 1.8 17 1.8 
38 34.73 34.53 2.49 2.69 68 3.0 2.6 See 
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From the nine certain 5He, decays in Table VI, one obtains the mean 
binding energy: 


B.@He,) == 2.97 Mev, (62+ 62)! = 0.17 MeV, 


exp 


ò,,= 0.06 MeV, d,, = 0.20 MeV. 
The remaining identified "He, event was accidentally lost before accurate 
measurements could be carried out. 


41.3. Lithium. — The situation here is much more difficult for several 
reasons, the first of which is the relative paucity of events (five Li, decays 


were found). Results for the lithium events are contained in Table VIII. In 


TaBLe VIII. — *8hi, events. 


Ba (MeV) 8; pei ig Ro 


Event | 
5 | 5 È | d (MeV) | (MeV) |(MeV/e) (um) 
| | | 
Decay scheme: r-+1H+P" 
9 4.43 0.86 4.55 4.07 0.53 0.05 I 95 3.0 
28 6.60 3.03 6.83 6.35 0.48 O51) 138 2.0 < hy < 5.5 
32 6.62 3.05 6.72 6.25 0.49 0.05 Sil 2.0 
36 5.02 1.45 5.26 4.78 0.50 0.05 | 138 -| ST 


all, 


Choices of F”: a) SLi, ground state; 6) SLi*, 3.57 MeV: 
c) "Li, ground state; d) 7Li*, 0.48 MeV. 


Event 5: *Li, >n-+24He. Q = 49.13 MeV; B,= 5.42 MeV; d,= 0.77 MeV: 
| Osp = 0.08 MeV; dax= 0.30 MeV; d.,,= 0.35 MeV. 


(a) Event 28 was found in an uncalibrated stack. 


event 5 the identification is free from ambiguities. Fig. 5 is a photograph of 
this event. Since the energy release exceeds 0, by 12 MeV, the decay pro- 
ducts must include a nucleus (Z, A) whose binding energy against the breakup 


(AA RA ety 


exceeds 12 MeV, i.¢., energy exceeding @, can come only from binding the 
proton of the A°-decay to some part of the core nucleus. 


i The following re- 
actions suggest themselves: 


(a) "Li + +H > 24He 173 MeV, 
(b) “Li e HS 24He ene 153s Maeve 
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Range:3.21cm 


ali = PRI 


Fig. 5. — Photomicrograph of event 5: “Li, ->n-+24He. The ®Li, decays at point O 
into a x (track A) and two *He nuclei (tracks B and C). Track C is nearly perpen- 
dicular to the emulsion plane and therefore appears only as a blob in this picture. 
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Other reactions satisfying the energy requirement involve one final product 
at least as heavy as *Be, which in this event would lead to a momentum 
unbalance exceeding 200 MeV/e, therefore to a decay neutron of about 20 MeV, 
and hence to a negative binding energy. Reaction (b) implies emission of a 
neutron for which there is no evidence in this event (|AP|=17 MeV/c). For 
these reasons we are led to classify event 5 as: 


‘Li, >n-+ 2*He (*), B,=5.42 MeV. 


Events 9, 28, 32 and 36 are of the form 7-+!H+recoil. The evidence 
that these events are Li, is discussed in Appendix B. We consider only *Li, 
and SLi, as possible identities for these events, since Ti, >T-+!H+SLi 
would show the characteristic ‘Li «hammer » track disintegration which was 
not observed, and ‘Li, would be expected to decay into more than three charged 
particles since the core nucleus *Li is unstable. 

For decays like “Li, >z~+1H+* "Li, we consider the possibility that the 
recoil *~*Li be emitted in an excited state. We limit the choices for excited 
states of the recoils to those which are expected to decay electromagnetically 
to the ground states. We therefore exclude the 2.19 MeV state *Li* since it 
should decay into 7H+‘He+0.71 MeV. The measured particle width of this 
state is 35 kV (24), over three orders of magnitude greater than typical radia- 
tive widths. On the other hand, the 3.57 MeV °*Li* state is believed (25:26) 
to be the (T=1, 7,=0) analog of the ground state *He, and therefore has 
spin 0+. Conservation of angular momentum and parity, as well as isotopic 
spin, forbids its decay to 2H+*He. We consider only the 0.48 MeV excited 
state 7Li* since higher states lie well above *H++*He. The recoil choices are 
labelled as follows: a) ‘Li ground state; b) *Li* 3.57 MeV state; c) “Li ground 
state; d) "Li* 0.48 MeV state. 

The 16 B, values from which four must be chosen are listed in Table VIII. 
To assign the most probable mass number we use a statistical argument. 
Knowing the standard deviation, o, of a distribution, P(B,), of the number 
of events vs. B, for a given hypernuclide, one can estimate the chance that 
any two events of the distribution differ by in amount AB, or more. We 
estimate only a maximum for this probability, p(AB,), which occurs when 


(*) Note added in proof. — The existence of this decay mode has been confirmed 
by the observation of five additional examples in an extensive study of K induced 
hyperfragments by R. G. Ammar, R. LEVI Setti, W. E. SLATER, S. LIMENTANI, 
P. E. ScHLeIN and P. H. STtEINBERG (to be published). 

(24) F. AgzeNBERG and T. LAURITSEN: Rev. Mod. ogg Mo TOSI 

(22) Ris è: Day and R. L. WALKER: Phys. Rev., 85, 582 (1952). 

(26) R. J. MACKIN jr.: Phys. Rev., 94, 648 (1954). 
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the mean value of the two events coincides with the mean of the distribution; 
it is given by 

P(AB,)=[P(AB,[2)}?. 
Combining our ‘H,, *He,, and *He, data, we find o=0.46 MeV. Using a 


gaussian for P(B,) we can estimate relative odds for the various choices listed 
in Table VIII-a. 


TaBLE VIII-a. — Relative odds for the different recoil identities in 
*8Li, >x-+p+recoil events. 


Relative Odds 
6Li 6*L,i Thi 7*LI 
(a) (0) (€) (4) 
9 92 0 37 1 | 
28 0 1 3 1 Fi 
32 0 1 3 DI 
36 592 0 54 16 


Choice (d) for events 28 and 32 seems the most convincing. The two events 
yield nearly equal B,’s for all of the above choices. Choice (a) is best for 
event 9, while for No. 36, (c) is slightly favored. For quoting binding energies, 
we take No. 9 for 7Li,; for *Li, we use only No. 5. 


B,('Li,) = 4.43 MeV, (0; + 62)! = 0.64 MeV, 


On, = 0.19 MeV, 6,,= 0.06 MeV. This value agrees well with two previous 
measurements, 4.4 MeV (?7) and 4.7 MeV (28). 
Event No. 5 gives: 
By(*Li,) = 5.42 MeV, (62+ 62)! = 0.84 MeV], 
On = 0.30 MeV, 6,,= 0.08 MeV. 
The average B, for *Li, including events 28 and 32 would be 6.00 MeV. 


However, since events 28 and 32 are not well identified we prefer to exclude 
them. 


(27) Fi C. GILBERT, C. E. VioLET and R. S. Wuirn: UCRL 4647 (1956). 
(25) O. SKJEGGESTAD and $S. O. SORENSEN: Phys. Rev., 104, 511 (1956). 
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È — Ber + H+ Hè + He 


Fig. 6. — Photomicrograph of event 17: 
‘Be, (track F) > (track A) + 1H (track B) + *He (track C) + “He (track D). 
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Be + H+ 2 He’ 


DECAY IN FLIGHT 


Fig. 7.— Photomicrograph of event 3: °Be n >T +*H+24He in flight. The 


decays in flight at point O. Track A represents the n-, 
two *He nuclei. 


*Bey (track F) 
B the proton, and 0, D the 


( 
' 


rt 


A ZA 
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41.4. Beryllium. — Table IX describes the *Be, and two *Be, decays 
"hi TOT, vw m 8 > i + Rs : 
which were found. Event 17, SBe,, of which Fig. 6 is a photograph, can be 


TABLE IX. — $Be,, *Bey events. Decay scheme: n-+!H+X,+%,. 


| Neutron, 
Event; X, Xx, ae | ee Energy @ A os dsp 
= tity | (MeV/c) 2 | (MeV) | (MeV) | (MeV) | (MeV) 
(MeV) | 
PIE 
Vio} 2H ‘He | Li, 86420 39 Idle | 23 et Al pee 
3H 4He | Li, | 46 +20 (i 28.7 4.0 e SL 
‘He 1H Li, | 64420 Rit EPIC Tel = _ 
‘He | 4He | Be, | 38+20 0.7 | 30.5 5.2 = © 
‘He | ‘He | Bey | 15+20 CRA 29.28 AN 6.25) 0,37 0,04 
+ *He ‘He "Bea 30+40 — 30.95 6.27 0.36 0.05 
3He 4He $Bey 33 +40 _ 35.16 4.5 = — 
sin (P., Vp) (2) 
3 ‘He ‘He *Bey | 0.04 30.92 6.39 0.50 0.05 
“He ‘He *Bey | 0.03 30.98 4.7 — — 
‘He 3He *Beyosi 0.02 30.84 | 4.8 — — 
4He 3H ST 0.07 30.83 3.9 gp a (ee ar 
8H ‘He | *Li, 0.05 30.67 | 4.1 a 


For *Be,: B,= 6.32 MeV; 6,=0.29 MeV; dsp= 0.05 MeV; 
drg= 0.19 MeV; (dì + dip)? = 0.42 MeV. 


(*) Angle between the total resultant momentum of the decay particles and the line of 
flight of the hyperfragment. 


identified because of a particularly fortunate configuration of the decay pro- 
ducts. One of the recoils (track C of Fig. 6) lies in the plane of the emulsion 
and is long enough (13 um) to be identified when its momentum is known. 
The other recoil (track D), which would contribute the major uncertainty to 
this momentum (computed by adding vectorially the momenta of tracks A, 
B and D), lies nearly at right angles to track C. The momentum component 
in the emulsion plane and perpendicular to track D is, for the pion-proton 
resultant, 128 MeV/c. The momentum component of track C in the same 
direction is — 161 MeV/c if track C is due to ‘He, and — 136 MeV/c if it is due 
to *He. Alternatively, in terms of measured (£,) and inferred (&,) ranges 
(see Appendix part B), Rp =13.2 ym for track C; from Fig. 13, È.(*He, 
132 MeV/c) =12.5 um, and #,(*He, 132 MeV/c) =8.3 um. 132 MeV/e is that 
momentum directed along track C the projection of which on the direction 
of the pion-proton resultant is 128 MeV/c. From either point of view the ‘He 
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choice is ruled out. With track © identified as *He, the only choice possible 
for track D is ‘He. To assume that track D= *He leads to an interpretation 
giving B,<0, and to choose the charge of track D other than two does not 
allow momentum to be balanced among the observed particles within rather 
wide limits (~ 60 MeV/c). In this way the event is identified as 5Be, + 
>n-+'H+*He+*‘He, giving B,= 6.25 MeV. The momentum unbalance with 
this interpretation is (15 + 20) MeV/c. 

Relaxing the implicit assumption that no neutrons are emitted in this 
event allows three more assignments leading to bound hypernuclei, namely: 


Li ar Dee He; B,= 1.1 MeV or 2.3 MeV, 


‘Li, >z-+n+ 'H+*H+*‘He, B,=4.0 MeV, 


‘Be, >n-+n+ 1H +24He, B, = 5.2 MeV. 


The first interpretation leads to a B, which disagrees with the value of 
B,('Li,) quoted in Sect. 3. While the others cannot be excluded, we prefer 
the most plausible interpretation, viz. *Be E 

Of the *Be, decays, one occurs at rest and the other in flight. From mo- 
mentum balance alone, the decay at rest, event 4, could be interpreted as either: 


“Be, >x_+!H+*He+‘He, 
or 


"Be, >r-+!H+‘He+*He. 


The choice of the second alternative rests on two points. The binding energy 
derived from the *Be, interpretation is at most 4.5 MeV, rather smaller than the 
value obtained above (event 17: 6.25 MeV). In the second place, the decay 
*Be, >” +'H-+ (*Be > 24He) explains the observed small angle (~ 20°) 
between the two short tracks. In this event, in fact, if the 5Be decayed from 
its ground state, the maximum possible angle between the two *He nuclei 
would be 28°. 

In the decay in flight, event 3, shown in Fig. 7, the necessity of momentum 
balance is replaced by the requirement that the residual momentum (P,) of 
the decay products be parallel to the direction of flight (v,) of the original 
hyperfragment. Since the decay particles share more energy than if the decay 
occurred at rest, they generally lie in higher and better known regions of the 
Tange-energy curves. Table IX contains sin (P,, v,) for the most plausible 
decay schemes. The binding energies for these different schemes are also listed. 
The choice *Be, is the only one which combines a relatively low value of 
sin (P,, v,) with a binding energy agreeing with previous measurements. Again, 
in the rest frame of the hyperfragment, the angle between tracks C and D 
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is 33°, while the maximum angle, assuming ground state ‘Be is the source 

of the two ‘He nuclei, is 35°. The binding energy was computed by deter- 

mining the energy released in the fragment rest frame from the invariant 

(E? — P2e)} using the energy and momentum measured for each decay particle. 
The mean binding energy for *Be, from these two events is: 


B,(*Be,) = 6.32 MeV, (62 + 62,,)! = 0.42 MeV. 


dr =0.19MeV, 6,, = 0.05 MeV. 


SP 

41.5. Ambiguous cases. — Five hyperfragments (Nos. 1, 2, 8, 10 and 34) 
elude identification beyond the fact that they are mesic decays. In events 1 
and 2, the light tracks interact in flight and both are too steep to allow re- 
liable energy measurements from scattering and ionization, although these 
measurements indicate that the particles are both pions. Since the total track 
length observed for our decay pions was roughly 70 cm, the number of inter- 
actions in flight observed (two) is just about what one expects. 


TaBLe X. — Two unidentified decays at rest. 
5 Di | B, (MeV) 
(n) (MON) ra ground state | P"= an excited state 
| 
Event no. 8: R°= 1.4 um - Decay scheme: F\>r-+!H+F" 

"Li, | 3 28.17 9.1 == 

8Lix 3 27.98 | 9.3 = 

8Be, 1 27.98 9.3 ae 

"Bey 1 | 27.85 | 9.4 = 
Be, 1 | 27.74 9.5 a 
Bey I 27.65 | 9.6 6.2, 2.8 

1B 1 27.65 9.6 9. erp Gul 
12: 1 27.58 9.7 Wolly 08 Gets) 

Event no. 10: Ry = 1 pum - Decay scheme: F\|>rn+F" 
F"— ground state | F’””= an excited state 

SLi, 3 47.39 6.7 _ 
Li, 3 47.30 10.1 6:7, 41, 
10Be, 1 47.30 233.5 Pa 
Be, 1 47.23 1.2 = 
UB, 1 47.23 2F13 a 
2B, 1 47.17 6.0 1.6 
8B, I 47.12 Te 4.6 
sad 6 a 1 47.07 9.6 Fid, 2.9 
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Events 8 and 10 are probably heavier than lithium as can be seen from 
Fig. 18 (see Appendix B). Table X is a list of some possible identities for these 
two events. The possibility that low-lying boron levels may have been excited 
precludes identifying these events. The remaining unidentified decay, No. 34, 
apparently occurred in flight. The total energy released in the laboratory 
system was much less than Q,. Various decay schemes give the @-values in 
the fragment rest frame shown in Table XI. All are so small that the decay 
probably involves the break-up of a *He within the core nucleus and the 
emission of one or more neutrons. 


TaBLe XI. — Hvent no. 34, unidentified decay in flight. 
(The charged particles are used to estimate the energy released in the fragment rest 
system. The presence of a neutron, which is probable, increases this energy, so that 
the following @Q-values are lower limits only). 


O (MeV) 
Dec Laboratory Fragment 
frame rest frame 
t-+!H+'He AR 9.1 
nm +1H-+%He (+n) 24.8 8.6 
~---1H +-7Be (+n) 48.6 9.2 


41.6. Summary of binding energies. — Figs. 8 and 9 display the 
dependence on charge, Z, and mass number, A, of the average A° binding 
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Fig. 8. — Binding energy of the A° vs mass number of hypernuclides. 

doublets, the point for the hypernuclide of lower charge is plotted to t 
circle distinguishes *Li, 


For isotopic spin 
he left. An open 
because of its questionable identification. 
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2) KH (7) 


AHe (5) 


energies. In Fig. 8 the random, 
(6,+62,)', and systematic, 6,,+ 
+ Onp+ d@, errors in these mean 
values are shown separately. The 
histograms of Fig. 9 give a picture 
of the B, distributions. 


aHe (9) 


0 1 2 3 Lg ,(MeV) 


ECO, 


Fig. 9. — Binding energy distributions 
for hypernuclides detected in the present 
experiment. The shading of the “Li, 
histogram indicates its less reliable 
identification. Each event is represented 
by a rectangle of fixed area, and base pro- 
portional to (63+ 02,,)3. 


Be (2) 
| 
1 2 3 4 5 6 B, (MeV) 


4°2. Collateral results. — In hyperfragment decays involving the release of 
both a pion and a proton, one can derive the angle 09_, between the direction 
of the total momentum (P,) of the 

pion-proton (« A») system and the line 


2 n of flight of the pion in the «A» rest 

F' 2 frame (?°) (see Fig. 10). It has been 
a ees argued (°) that an anisotropy in the distri- 
i Vena bution of cos 6_, plus the assumption of a 

S ia negligible interaction among the decay 


Perry se Debating of 6, the aoe indicate a spin for the A exceed- 
angle between the emission direc- ing 3. The frequency of x -mesic decays 
tion of the pion in the pion-proton not involving a proton (7 cases out of 43) 
rest frame and the line of flight makes the non-interaction assumption 
of the pion-proton system in the doubtful. For those decays in which a 
pesca Tost tr are. proton does appear one can compute the 
apparent @.,, in the pion-proton rest 
system. If there were no final-state interactions, @,,, should peak near 
Q, —B, for a given hypernuclide. 
The quantities cos 9_, and Q,,, are listed in Table XII, along with another 


(29) P. ZIELINSKI: Nuovo Cimento, 3, 1479 (1956). 


28 


W. E. SLATER 


Papier Xs = Gos 645° Qua ANA PX fore I +F" events. 


| Qirr Pin» 
Event Identity cos 071 (MeV) (MeV/c) 
19 "Hy .205 35.03 5 
41 292 37.75 10 
11 4H, 883 26.88 117 
18 .813 23.80 139 
20 4He, .860 26.06 118 
21 .904 22:17 134 
24 — .651 34.13 57 
30 630 26.12 121 
33 606 31.06 84 
35 677 34.28 47 
39 945 23.34 141 
‘Hey .735 7.08 218 
12 .571 14.91 131 
15 .466 18.92 157 
16 .944 21.98 154 
23 .399 25.42 114 
27 .799 14.84 182 
29 .559 8.07 208 
31 .448 spa 67 
40 .662 30.28 85 
42 .960 22.78 142 
43 905 24.81 127 
13 "Hey .386 31.93 68 
22 .698 34.27 50 
38 — .716 31.94 68 
9 Li 805 27.64 95 
36 Li, 870 21.96 138 
28 .949 20.19 138 
32 677 26.64 87 
17 SBey 901 13.5 156 
3 "Be, — .316 3.35 12] 
4 .299 17.70 159 
8 ? .823 19.22 120 
34 ? .698 6.05 118 


\ 
E 


EE 


A SYSTEMATIC STUDY OF HYPERFRAGMENTS PRODUCED ETC. - I 29 


descriptive quantity, P.,,, the Aa greh momentum of the pion and proton 
in the laboratory system. Cos 0.1: 0.4, and P.,, are plotted in the histograms 
oi Fig. 11. For cos6,, we find a 
strong forward-backward asymmetry- 
(Ff — B)/(F + B) = 28/34. 

Having three ia in flight, we can 
estimate the lifetime of the A in nuclear 
matter. The maximum likelihood esti- 
mate (*°) reduces in the present case to 

t= (> 7;)/n where 7, is the time required 


for the ?’th hyperfragment to stop (mode- 
ration time) or to decay in flight. The È ; A 
summation is over both decays at rest and jo ina | 
in flight; » is the number of decays in | Ory» (MeV) i 
flight. For the total moderation time, 
Table II gives 6.1-10-!°s. The lifetime 
estimate is therefore 2.0-10-!° s, agreeing 
with the free A lifetime (81). This esti- 
mate suffers not only from very poor sta- ; 
tistics, but also because it lumps together Fig. 11. — Distributions of cos 6,,, 
several different hypernuclides. The events Yr» and P.,, for the present 
excluding hydrogen and helium contribute hyperfragments having a decay 

; £ scheme 7-+1!H+recoil. The three 
only 0.3-:10-!° s to the moderation time, quantities are? ‘defined in rig. "i 
while contributing one of the decays SS 
in flight. 

All but one of the events (No. 6) from the high energy pion stacks were 
produced in primary interactions. The prong characteristics of these stars 
are listed in Table II. The «average» hyperfragment parent star contains 
10.3 black prongs, 3.8 gray, and 1.1 minimum. The comparable figures for 
stars chosen at random are 5.6, 3.5, and 2.5, respectively. The relatively large 
number of black and gray prongs indicates that most of our hypernuclei were 
produced in heavy elements of the emulsion. In fact, only three (less than 10%) 
of the events could have been produced in the light elements which contribute 
30% of the geometrical cross-section of the emulsion. 

One might expect to find angular correlations of the various decay products 
with the production plane of hypernuclei if the hyperfragments were produced 
with some polarization. For events involving a pion and a proton, Fig. 12 


(89) E. AmaLpI: Suppl. Nuovo Cimento, 2, 253 (1955). 
(81) D. I. Pace and J. A. NEwTH: Phil. Mag., 45, 38 (1954); H. BLUMENFELD, 
E. T. BoorH, L. M. LeDERMAN and W. CHInowsKy: Phys. Rev., 102, 1184 (1956). 
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shows the scalar product of the unit vectors normal to the pion-proton plane 
and to the beam-fragment (production) plane. There is no observable de- 
viation from isotropy either for the events as a whole or for the 5He, events, 
indicated separately. 


=10 =05 cos Y 0 05 1.0 


Fig. 12. — Decay plane-production plane correlation for events involving both a pion 

and a proton. WY is the angle between the vectors normal to the = -proton plane and 

to the production plane, defined by the 4.5 GeV beam pion and the hyperfragment 
flight direction. 


The tracks of the present hyperfragment parent stars have not been fol- 
lowed, so that no statements can be made concerning the widely accepted 
principle of associated production. 


5. — Discussion. 


The binding energy (Fig. 8) increases monotonically with A through 
A=9, as far as reliable data are available at present. Because the density 
of nuclear matter is independent of A, the potential well in which the A is 
bound is expected to have a constant depth (at least, say for A> 6). Da- 
LITZ (*-*°) estimated this depth ‘as (25 +50) MeV. Assuming that the core nu- 
cleus presents an ordinary (Wigner) potential and that the A always occupies 
its lowest level, its binding energy should increase ag the well radius, and 
therefore as A increases, asymptotically approaching the well depth. Depar- 
tures from this shape should occur for at least three reasons: a) spin depen- 


dence of the A-n force (considered phenomenologically by DALITZ (2))5 00) the 


effect of A-n exchange forces with a Sign depending on the angular momentum 


(3?) R. H. DALITZ: Rep. Progr. Phys., 20, 163 (1957); and The strong interactions 
of strange particles, lectures given at Brookhaven National Laboratory (1957). 
(9) R. H. DALITZ: private communication. 
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state of the A-n (*) (this effect should first become apparent in hypernuclei 
of A= 6); c) distortion of the nuclear core by the presence of the A. (One 
would expect this effect to be greatest in *H,). DALITZ (#2) already concluded, 
using data including most of the present events, that the spin dependence 
of the A-n force is large and that the Wigner force is very strong. 

In this experiment no events with A<4 were identified. Small B,’s 
were deduced for two events neither of which could be positively identified 
as *H,, and one of which falls into a doubtful group (*), 23H, having very 
low B,’s. If ?H, should exist, one would expect the other member of the 
isotopic spin doublet, *n,, to exist also. Its binding energy would probably 
be so small that 2n, would only contribute a spurious lowering of experimental 
@, values, and could probably not be directly detected in emulsion exper- 
imental designed to measure @,. 

The equality of B, for the A=4 doublet, *H,, and *He,, was the first 
indication that the A-n force is charge independent (38-4°). The strong re- 
action (forbidden be charge independence) 


(3) A®% <> 7° + A? 


would lead to a difference in these B,’s since the interactions 7°-n and 7°-!H 
are of opposite sign (*2). Reaction (3) can occur with a strength reduced by 
1/137 (?2). Because of the magnitude of the uncertainties 6, and 6,, we can 
not conclude that the difference, 0.46 MeV, between 6,(*H,) and B,(‘He,) 
found here is real. 

The isotopic spin singlet ‘He, was predicted to exist (4) before its exper- 


(*) By calculations involving both WIGNER and exchange forces have been carried 
out by DaLLAPORTA and FERRARI (34). Exchange of pions only has been considered 
by LicHtENBERG and Ross (35). K-meson exchange has been considered by NIsni- 
JIMA (36) and by WENTZEL (3°). 

(34) N. DaLLAPORTA and F. FERRARI: Nuovo Cimento, 5, 111 (1957). 

D. B. LicHtENBERG and M. Ross: Phys. Rev., 103, 1131 (1956). 

K. NISsHIJIMA: Progr. Theor. Phys., 14, 527 (1955). 

G. WENTZEL: Phys. Rev., 101, 835 (1956). 

O. HauceRruD and S. 0. S@RENSEN: Phys. Rev., 99, 1046 (1955). 

M. W. FRIEDLANDER, D. KrkeFre and M. G. K. MENoN: Nuovo Cimento, 2, 
663 (1955). 

(49) F. C. GitseRt, C. E. VioLeT and R. S. WHITE: UCRL 4647 (1956). Although 
4He, was listed as a possible identity for previous events, the “He, event in this 
reference was the first one in which the recoil track was long enough to identify it 
positively. 

(41) R. H. DaLitz: Phys. Rev., 99, 1475 (1955). 
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imental discovery (2). The decay mode, ‘He, >" +1H-+*He was also ex- 
pected to dominate because other decays modes would use considerable energy 
(~ 20 MeV) to break up the tightly bound «-particle. With the possible ex- 
ception of the unidentified event, No. 34, all of the present examples of 5He,, 
the hypernucleus most frequently observed in this experiment, follow this 
decay mode. 

No examples of hypernuclei with A=6 have been identified either here 
or elsewhere. Since the core nuclei of A=5 are not bound, the doublet *He,, 
‘Li, would have to exhibit binding energies greater than B,(*He,) in order 
to prevent decays: 


‘Hei RIE) ene 


For ‘He, we use Q,=[M(‘He)+M,]+M,—)> M,. (Cf. Sect. 2°2). Because 


of this restriction on the B,’s for A = 6, it does not seem likely that any of 
the unidentified He, events are *He,. 

The identification of the "Li, event of the present experiment is marginal 
since it depends on the deduced binding energy. The existence of a hyper- 
nuclide "Li, has however been established (2728). It is probably an isotopic 
spin singlet, since the ground state of *Li is known to have T= 0. However, 
since *He is bound, one should expect "He, (T= 1) to exist also (3). Its 
decay would probably involve the release of one or two low energy neutrons 
and thus be difficult to establish. To preclude a decay “He, > 2n+*He,, 
the inequality B,(’He,) > B,(*He,)— 0.93 MeV must hold. Some events 
(Nos. 13, 22 or 38)) or Table VII might represent 7He,, although there is no 
evidence to support this. 

The present experiment detected for the first time mesic decays of both 
members of the A =8 doublet, SLi, and *Be,. The agreement of the B Pe: 
deduced for these two hypernuclei (cf. Fig. 8) further supports the hypothesis 
of charge independence for the A-nucleon forces. *Li, was established by the 
distinctive decay mode SLi, >x_+2*He. Two other events of the 7r-+!H+ 
+recoil form should also probably be assigned to this hypernuclide. In these 
events the recoils are probably the first excited 7Li* state, 0.48 MeV, J =}. 
A decay scheme involving ground state "Li has been claimed for two events 
by INMAN (*), although their identification was based on the disagreement of 
the deduced B,’s with that of "Li, quoted in Ref. (5). Ref. (5) and Ref. (43) 
however, use different values of Q,, so that the numbers which ought to be 


(42) OsLo and COPENHAGEN GROUPS: Suppl. Nuovo Cimento, 4, 631 (1956); PARIS 
GROUP: Suppl. Nuovo Cimento, 4, 618 (1956). 
(4) F. W. Inman: UCRL 3815 (1957). 
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compared are (using @, = 37.22 MeV): 


Retna?) 
Ref. (5) | aa e ee 
Event 12 | Event 65 
"Li, Ba=4.80MeV | B,= 5.69 MeV | = 
"Li, Ba=5.60MeV | B,=5.74MeV | By, = 5.54 MeV 


The conclusion about the identities remains the same, and the individual 
B,’s for SLi, are in good agreement. 

In the present event No. 5, the c.m. energy for the 2 ‘He's is 1.8 MeV, 
compatible with the very broad, J=2, 3 MeV first excited state *Be*, sup- 
posing a two-steep process: 


SLi, > 7 + (*Be* + 24He). 


The result is incompatible with such a decay involving ground state, J=0 
E=0.1 MeV, *Be. If the 3 MeV level indeed appears (as could be established 
with more events) then J(*Li,)=1, 2 or 3, still assuming there is no inter- 
action of the decay pion. 

Certain spins can occur only if the A binds to nucleon configurations dif- 
ferent from the ground state core nucleus. For example, if the spin of ‘Li, 
were zero, this hypernucleus could be a A bound to the first excited state 
of "Li (J=}4, H=0.48 MeV) but not to the ground state (J=3). *Li, with 
J=1 could come from a mixture of ground and first excited states; spin 2 
from the ground state but not from the first excited state. Higher *Li, spins 
could result only from binding to much higher excited states. This is unlikely 
because the spin dependent part of the A-nucleon forces would have to lower 
the excited core energy level by several MeV, to preclude both breakup into 
lighter particles and radiative decay. Because a recoil different from the ori- 
ginal core nucleus may appear, one can never identify the state of the core 
nucleus in an isolated event. However, the appearance of excited recoils can 
provide a convenient tool for differentiating "Li, and *Li,. Having ten events 
corresponding to each energy level of the recoils, one could achieve an energy 
resolution of roughly 0.6 MeV/,/10 ~ 0.2 MeV, which would resolve the 
lowest *Li and "Li levels. 

*Be, was first identified by the Wisconsin group (6). In the present in- 
vestigation two similar events were detected, both giving about the same B, 
as the Wisconsin event. *Be,, ‘H,, and 5He, are the only hypernuclei so 
far known in which the A is bound more strongly than a neutron in the cor- 


3 - Supplemento al Nuovo Cimento. 
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responding ordinary nuclei ('H and *He are, of course, not bound) showing 
that the Pauli principle does not restrict the single A in a hypernucleus. 

For the cos 0_, distribution (Fig. 11), the Pauli principle would lead one 
to expect an excess of high energy protons travelling for rard with respect 
to their parent A-particle. The pions should consequently tend to be emitted 
backwards, contrary to the effect shown in Fig. 11. On this basis alone we 
infer that considerable interactions must occur among the decay particles. 
Moreover one might try to explain the strong forward asymmetry in cos 6_, 
as resulting from the low lying P, resonance in 'H-4He scattering (1.8 MeV). 
This picture would also predict some tendency for the pions to have an energy 
peak. Five of the present *He, events have pions whose energy is between 
29 and 32 MeV. The six others are spread more or less uniformly down to 
15 MeV. 


It is a pleasure to thank Prof. V. L. TELEGDI who suggested this problem 
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APPENDIX A 


Measurements and experimental errors, ò 


exp * 


The results of the present work are based on the following measurements 
made on the hyperfragment decay particles: azimuthal angle in the emulsion 
plane (9), dip angle with respect to this plane (0), and range (R). Events were 
usually measured more than once, and average values for the quantities 0 
and X for each track used. w 

The errors contributing to ò.., are induced by the pellicle deformation 
caused by processing, and by limitations of the equipment used for the measu- 
rements. They are expected to give random contributions from event, to event 
For computing the effect of these errors on By we shall refer to an idealized 
hyperfragment decay event consisting of a x, a proton, and a ‘He nucleus 
all with the same momentum, 100 MeV/e, thus having an angle of 120° bet cali 
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each pair of particles. For a particular source of error, the decay plane is 
chosen to be oriented so that this source produces its maximum effect. The 
justification for using this simplification is its relative ease in calculation. 
Moreover, since the error ò..) turns out to contribute randomly less than the 
inevitable pion straggling, a more refined estimate is scarcely worth-while. The 
relevant parameters characterizing the idealized event are given in Table XIII. 


TABLE XII. — Description of idealized event. 
= ==" eo a Ren = === = === = = = 
Particle | M foment um | Energy Range bs 
| (MeV/c) | (MeV) | (um) (MeV) 
x | 100 32.16 17 230 0.55 
DEL 100 | 5.98 196 0.05 
‘He | 100 1.34 | 4.8 = 


We now discuss various specific sources of error: 


1) Lateral shrinkage. — Since the pellicles were not fixed to glass during 
processing, the lateral dimensions of the processed emulsion are less by (5 — 10) % 
than those of the original pellicles. The lateral shrinkage is not necessarily 
independent of azimuthal direction. Although this variation has proved 
generally to be less than 1%, this factor was always measured along the di- 
rection of the track in question, to an accuracy of -- 0.1% with the aid 
of the grid. 

The azimuth angles of an event which are measured in a processed pellicle 
differ slightly from the original ones because of this non-uniform lateral 
shrinkage. In our idealized case, the maximum error propagated to By, is 
0.03 MeV. 


2) Vertical skrinkage. — Our pellicles, of nominal thickness 1 mm, were 
found to have an actual mean thickness of (1.120 + 0.003) mm. Although 
the average thickness of each pellicle was known, we must take account of 
the intrapellicle thickness fluctuation, which as deduced from our direct 
measurement (Sect. 3) is about 5% r.m.s. Suppose that the pion in the 
idealized event were exactly vertical. Its range would cover 17 pellicles, and 
the range error 5%/4, or 1.2%. The corresponding energy error is 0.23 MeV. 
From the effect on the determination of dip angles, using 5% thickness error, 
we estimate for the idealized event an additional error of 0.15 MeV. 


3) Instrumental range error. — Long range measurements (>1 cm) have 
been found reproducible to about 0.4%. For tracks contained in one pellicle, 
we take the error in those measured with dial indicators (Rk > 100 um) as 
+5 um, and for the short tracks measured with an eyepiece reticle or filar 
micrometer as +1 pm. For the idealized event, these sources give an energy 
error in the pion: + 0.08 MeV, in the proton: - 0.08 MeV, combining to 
give a total of +0.11 MeV in By. 


4) Instrumental angle error. — The usual reproducibility of angular measu- 
rements was about + 0.5° in azimuth and + 1° in dip for single measure- 
ments on a pion or proton. For these angles we used a mean of three measu- 
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rements. The error propagated to 6,, obviously depends on the orientation 
of the decay plane in the emulsion, but a maximum estimate is about 2°. 
The error in B,, for the idealized event, is then + 0.09 MeV. 


5) Distortion. — Characteristic C-shaped distortion was observed in the 
pellicles. The second order distortion vector K (4445), was determined in se- 
veral pellicles with the result that <|K|) =50 pm. If the idealized event be 
oriented so that the distortion error in the pion range is maximum (the pion 
makes an angle of 45° to the vector K, and the two vectors define a plane 
normal to emulsion plane), this error is +0.8%R,, which contributes an 
energy error of + 0.15 MeV to By. The error, AF,, in the recoil energy, in- 
duced by distortion of the angle between the pion and proton is maximum 
when the decay plane of the event is normal to the emulsion plane and includes 
the vector K. We obtain from this further source AE,= + 0.05 MeV for 
|K|=50um. The total error from distortion is thus estimated to be about 
+ 0.16 MeV. 

The combined error from sources 1-5, 6..,, i8 0.35 MeV. Combining this 
with the straggling, 0.55 MeV, yields 0.64 MeV total random error for the 
idealized event. Thus while not negligible in extreme cases, the error 6.x, in- 
creases the random error of any event only slightly. We have therefore not 
computed ò.., for each individual event, but rather taken the above estimate. 
That the total random error, 0.64 MeV, is not an underestimate is substan- 
tiated by the individual By distributions (Fig. 9), in which the average standard 
deviation is about 0.5 MeV. 

As a test of the overall reliability of our measurements, we have measured 
six t-meson decays. The coplanarity volume, the residual momentum, and 
the Q-value, listed in Table XIV, are in good agreement with the results ob- 
tained in the rather accurate work of the 7-meson collaboration (*). 


TaBLe XIV. — Results for six t-decays. 
Event | Q (MeV) | AN) |AP| (MeV/c) 
I ae | .0043 | — (one zx interacts in flight) 
2 75.25 0080 | 1.5 
| 3 75.03 .0042 2.8 
| 4 74.53 .008 5 ea} 
lance) 76.00 .032 | 5.9 (obscured by Ag deposit on pellicle surface) 
6 73.89 .009 4 | 6.4 
| <Q» = 74.94 MeV; std dev.= 0.71 MeV; 
| std dev. of mean = 0.36 MeV; <|AP|> = 3.6 MeV/e 
(*) Pseudoscalar product of unit vectors directed along the initial momenta of the three 
decay pions. 


(44) A. J. ApostoLAKIS and J. V. Masor: British Journ. Appl. Phys., 8, 9 (1957). 

(15) J. V. MAJOR: British Journ. Appl. Phys., 3, 309 (1952). 

(49) G. L. BaccHELLA, A. BERTHELOT, M. pi Corato, 0. Goussu, R. LEVI SETTI, 
M. René, D. ReveL, L. Scarsi, G. Tomasini and G. VANDERHAEGHE: Nuovo Cimento, 
4, 1529 (1956). 
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APPENDIX B 


Identification of events involving one short recoil. 


In events where the identity of a single recoil track determines the identity 
of the hyperfragment (F>x-+!H +"), one must correlate the range of 
the recoil and the momentum it absorbs. Computing the momentum unbalance 
for different choices of F” does not provide the most sensitive method for 

identifying F”, since the relative errors in the angular measurements of ”"” 
(which usually exceed 10% since the width of a recoil track is frequently greater 
than 10% of its length) contribute a 
momentum unbalance much larger than 
that introduced by the range uncer- 
tainty. A better way is to take the di- 


*4He Recoîls: Pr Vs. Ro 


200- e“He from RHe i 
o “He AHe 3 


» 


a5 o*He ,, He + 
a Recoil fromfHe n 


Fig. 13. — Range vs momentum for helium 


DE nuclei. The curves are drawn from the data 
140 ot WILKINS (*) but have been translated 
along the range axis so as to fit the present 
20 measurements of range and momentum for 
<— helium nuclei. 
100 
90 


Fig. 14. — Non-well identified helium 
events (‘4Hexn-+!H+4 !He). The ab- 
scissa of each point represents the de- 
viation of the observed range (f,) from 
the range (R,) inferred for *He or ‘He 
from the pion-proton momentum. The 
ordinate is the deviation of By, from the 
value derived from well identified events. 
Each event here could be either *He, 
(open circle) or He, (shaded circle): On 
the basis of this plot we choose for event 
31: 5He,; for events 24 and 35: ‘Hey; VEvent= \ suo 
no further choice is made for events ss 
13, 22 and 38. 


(47) J. J. WiLkins: A.E.R.E. G/R 664 (1951). 
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15. — Well identified He, events. Ordi- 


nates and abscissae are the same as in Fig. 14. 
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are chosen so that the mean values 
Rk, and B,— By, are represented 
by equal distances in this plot. 
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rection of the recoil to be that of 
P,, where —P, is the resultant 
momentum of the 77 and proton, 
the tracks of which can be measu- 
red with much greater accuracy 
than that possible for the recoil. 
One then uses the dip angle of P, 
to compute the true recoil range, 
which is referred to as R,. Finally 
defining ,(F”, P,) to be the range 
inferred from the adopted range- 
momentum curve for the particle 
F' at momentum P,, the identi- 
fication of a set of events is ac- 
complished by minimizing all the 
| R,— Rol 

A decay in which all the par- 
ticles are visible is overdetermined 
by the requirement of momentum 
balance. We were thus able to use 
our helium events (4He, > + 
+*H+4=He) as well as (*Hy—= 
+> 7m -+ 4He) to provide a set of 
range-momentum points for He 
nuclei to normalize the published 
curve of WILKINS (4). Retaining 
its shape, one translates Wilkins’ 
curve along the range axis so as 
to fit the experimental points 
best. Curves for both helium iso- 
topes are constructed by using Di 
simple property Z2R/M = f( R/M 


Fig. 16. — Comparison 
for differentiating (A) "Hex ae 
+1H+%He and (B) 'He, > n + 
+'H-+4He events. Part A is a histo- 
gram of residual momentum (|AP|) 
for these events. Assuming each 
type (A) event is type (B) and wice 
versa leads to a larger |AP| for every 
event. The |AP| distribution for 
helium events thus incorrectly iden- 
tified is shown in part B. Parts C 
and D are histograms constructed 
similarly for the quantity | R, — Ri | 
replacing |AP}. 
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i.e. one assumes that there is no difference between *He and ‘He at low veloci- 
ties due to different pickup and loss of electrons. In the final analysis, we de- 
manded for the 15 well identified events that k.(*He) — R,(4He) = D, be 
R;(F")| not exceed 


greater than 1 um. 
2um or D/3, whichever is smaller. 
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Recoil Range (pm) 
Fig. 17. — Coplanarity for three body 
decays: F+x-+!H+F". The ordinate 
of both plots represents the triple scalar 
product of unit vectors directed along 
the three decay tracks. This quantity is 
plotted vs the recoil dip angle in part 
A, and vs the recoil range in part B. 
The recoil is defined to be the shortest 
track in an event. Except for no. 11, 
the recoil is the particle F”, in no. 11 
it is the proton (range: 14 um). 
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Fig. 18. — Range vs momentum for ‘Li. 
The six points are derived from recoil 
ranges and pion-proton momenta mea- 
sured here for (x-+!H+-recoil) decays of 
hyperfragments the charge of which ex- 
ceeds two. The three “Li curves are 
derived from the data of WILKINS (1), 
ARMSTRONG and Frye (48) and Bar- 
KAS (4°) respectively. The *Be curve is 
taken from Wilkins, and the *He curve 
is replotted from Fig. 13. 


The resulting range-momentum curves are displayed in Fig. 13. The cut- 
off for D=1um occurs at P,= 85 MeV/c. In an effort to classify the six 
cases below this cut-off, these events were plotted in Fig. 14 as point on a 
graph where the ordinate is By — Ba, and the abscissa is fy — R,. Each 
event gives two points joined by a line, one for each choice of identity. A si- 


(43) A. H. Armstrong and G. M. Frye: Phys. Rev., 108, 355 (1956). 
(4) W. H. BARKAS: Phys. Rev., 89, 1019 (1953). 
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milar plot for the well-identified events, for ach of which of course there is 
only one point, is shown in Fig. 15. On the basis of these plots, we made the 
further probable assignments: No. 31, 5He,; Nos. 24 and 35 *He,; Nos. 13, 
22 and 38, still not identified. These results are used in Sect. 4 on angular 
distribution of the pion in the « A° » rest-frame but not in computing the 
binding energies. 

The relative superiority of the R;— R, method is demonstrated in the 
histograms of Fig. 16. We have plotted in Fig. 16¢ k;,— R, for all the 
identified “He, and 5He, events. The same quantity is plotted for these events 
with the identities reversed in Fig. 16d. Similar plots of the momentum un- 
balance, |AP|, are shown in Fig. 16a (correct identification) and Fig. 16) 
(incorrect identification). The mean values of |AP| for cases a and b differ 
by only a factor 2; those of R, — R, for e and d differ by roughly a factor 10, 
although both criteria give the same results for every event. 

Before this method can be applied to an event, one must ascertain its 
coplanarity. To judge the maximum acceptable value of A=n-Px F “> this 
quantity was plotted vs. the dip angle and vs. the range of the shortest track 
for all three body events (Fig. 17). As may be anticipated, since the recoil 
dip is the most difficult and least accurate of the measurements, A increases 
with increasing dip and also with decreasing range. The largest value of A 
(event 13) corresponds to an angle of about 11° between the recoil direction 
and the x-!H plane. For a steep recoil of range 4 um (the measured length in 
the processed pellicle is only about 2.5 um) and width of 1 um, even this small 
value of A is probably fortuitous. All identified events are considerably 
better than this (see Table II). 

An attempt was made to extend this method to treat hyperfragments 
heavier than helium. It was not so successful here because of the occurrence 
of many more isotopes among core nuclei, which complicates the construction 
of a range-momentum curve. Moreover, because of the increased recoil charge 
and mass, only recoils of short range occur. For ranges shorter than 10 um 
one can at best hope to identify the recoil charge in this way. No very reliable 
data for ions heavier than helium in emulsion are available. The work of 
ARMSTRONG and FRYE (8) which includes an experimental *Li curve, was done 
with C-2 emulsion and the presence or absence of the final grain of a track 
leaves doubt as to the applicability of their curve to G-5 emulsion. Further- 
more, the definition of «range » is by no means universal for these short re- 
coils. All of our curves have been plotted defining range as the distance 
measured between the centers of the extreme grains of a track. This quantity 
should be less sensitive to the development of the emulsion and to the dip 
of the track in question, than the distance between the physical extremities 
of the track, which is sometimes used ag its range. 

Our experimental points (events 3, 9, 10, 28, 32, and 36) along with the 
curves of WILKINS (47), ARMSTRONG and FRYE (**), and BARKAS (*°), all trans- 
formed to "Li, and, for comparison, our calibrated *He curve and Wilkins’ 
*Be curve, are all plotted in Fig. 18. Having no well-identified points at re- 
latively high ranges, we cannot normalize the 7Li curves in the Same way as 
was done for helium. It appears, however, that with any choice of 7Li curve, 
the points (9, 28, 32, 35) lie closer to "Li than to either ‘He or *Be, while events 8 
and 10 are probably heavier then Li. None of these events could be helium 
since they yield binding energies, assuming helium decays, which are at least 
2 MeV greater than the averages of the well-identified events. 
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1. — Introduction. 


When a sufficiently energetic particle interacts with a nucleus, mesons and 
hyperons may be produced along with a number of nuclear fragments of various 
charges and masses. As is now well known, occasionally a A-hyperon pro- 
duced in the interaction may become bound to such a fragment, forming a 
so-called « hyperfragment ». In dense material, such as nuclear emulsion, the 
A-fragment system will generally remain bound for a time exceeding the mo- 
deration time of the fragment. Once at rest, the hyperfragment will decay 
owing to the inherent instability of the A. This decay may either proceed 


(*) Supported by the Greenewalt Nuclear Physics Fund, the Office of Naval 
Research, the U. S. Atomic Energy Commission, and by the Air Force Office of Scien- 
tific Research, Contract no. AF 49(638)-209. 

(+) A thesis submitted to the Department of Physics, the University of Chicago, 
in partial fulfilment of the requirements for the Ph. D. degree. 
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mesonically, î.e., with real pion emission, as in the disintegration of a free A: 


(1a) A>x+p +’ (Q' ~ 37 MeV) 
(1b) A> +n+Q" (Q"~ 42 MeV) 


or non-mesonically, i.e., without pion emission: 
(2) A+ %7>W7+97+9Q (Q + 176 MeV). 


It is customary to assume that process (2) takes place with either (1a) or (1b) 
as a virtual intermediate step ('), e.g.: 


(2a) [ Wn t+p4+H>n+2+0 
A+ 
(2b) T>r+n+%>-n+74+9Q 


inasmuch as the real reabsorption, within the fragment, of a pion physically 
emitted in the mesic decay mode is, especially for the lighter fragments, an 
unlikely process (?). 

Events involving decays without the visible emission of a pion, d.e., ac- 
cording to (1b) or (2), are much harder to identify as genuine hyperfragments 
than those involving a negative pion (mode (1a)). Even when generic iden- 
tification is possible, detailed analysis—assignment to a Specific hypernuclide 
and computation of the binding energy of the latter—is further made difficult 
in the cases presumably representing (2) by the very large energy release Q. 
Reaction (2) will indeed tend to involve the emission of one or several neutrons, 
thus excluding a complete kinematic analysis of the event on the basis of 
actually measurable momenta. 

The study of hyperfragments decaying via (1b) or (2), to which we shall 
henceforth refer as «non-mesic » decays, has for these reasons lagged behind 
the investigation of the « mesie » decays via (1a), notwithstanding the fact 
that highly useful information could in principle be derived therefrom. In 
particular, the ratios in which «non-mesie » and «mesic » decays occur give 
a clue to the spin of the A, as was emphasized by KARPLUS and RUDERMAN (ys 
These ratios cannot be derived reliably from a collection of data obtained by 
various experimenters under the diverse conditions of production and obser- 
vation, inasmuch as the very nature of non-mesic hyperfragments tends to 
introduce biasses that vary from experiment to experiment. This is parti- 


(1) W. CHESTON and H. PRIMAKOFF: Phys. Rev., 92, 1537 (1953). 
(?) T. K. FowLER: Phys. Rev., 102, 844 (1956). 
(3) M. RUDERMAN and R. KARPLUS: Phys. Rev., 102, 247 (1956). 
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cularly true of hyperfragments detected as by-products of experiments pri- 
marily designed for other purposes. 

In an earlier report, hereafter referred to as Paper I (*), SLATER has des- 
cribed the mesic decays of an emulsion experiment specifically designed in 
this laboratory to observe large numbers of hyperfragments under homoge- 
neous conditions of production and detection. The present investigation, con- 
ducted to remedy, at least in part, the situation described above, concerns 
the non-mesie hyperfragments (including events that are merely compatible 
with such an interpretation) obtained in the same experiment. While only a 
fraction of the events found could be individually identified as hyperfragments 
to the exclusion of other interpretations, it has been found possible to estimate 
on a Statistical basis, in three essentially independent ways, the probable 
number of actual hyperfragments among the large body (272) of possible cases. 
In addition, careful measurements on the decay products of such events have 
made it possible to obtain a rather large number (44) of non-mesic hyper- 
fragments identifiable, with some degree of uniqueness, as specific hyper- 
nuclides. The non-mesic/mesic decay ratios can be estimated from our results, 
in conjunction with those of Paper I, with greater reliability than was possible 
heretofore. 


2. — Experimental procedure. 


21. Exposure and scanning. — The events studied were produced in a stack 
of 1000 um thick Ilford G5 pellicles by a 4.5 GeV 7- beam from the Berkeley 
Bevatron. Details of this exposure and of the processing of the stack kave 
already been fully described in paper I. 

The pellicles were scanned using 12 objectives and 10 x oculars. This 
gives a field diameter of 1.2mm. Observers were instructed to search for all 
obviously connected stars (including one-prong events) within each field of 
view, as well as to carefully examine all small stars with <4 prongs and to 
trace each heavy prong from such stars to its end. All connected stars found 
were recorded. In order to estimate the scanning efficiency for these connected 
events six of a total of seven observers scanned the same region of one plate. 
The efficiency, E;, of the i-th scanner was found from E,= N;/N, N being 
the total number of events found by two or more observers in the test region 
and N, the number of these events found by the i-th scanner. The efficiencies 
range from 0.7 to 0.9 for the individual scanners. However, several of the 
pellicles were partly or completely scanned by more than one scanner. The 


(4) W. E. SLATER: Suppl. Nuovo Cimento, 10, 1 (1958). 
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weighted average of the scanning efficiency for the entire stack was 0.82-+0.05. 
This value actually represents the scanning efficiency only for detectable events, 
and is therefore undoubtedly an overestimate. Events emitting only one 
charged particle, e.g., “He, > *He+n, *He,— *He+2n or *He,—> *He +7", ete., 
may easily be mistaken for scatterings, and might not be detected by any of 
the scanners. 

All events were re-examined to sort out possible mesic and non-mesie hyper- 
fragments. All captures of negative pions, collisions, and scatterings were 
listed separately, and, for these events, the range of the connecting track and 
its angle of emission with respect to the beam track were measured. In this 
paper, only those events which originate from a primary star associated with 
a visible beam track are considered. 

A number of the events found were easily identified as hyperfragments 
from the characteristics of the connecting tracks, e.g., thindown, d-rays, ioni- 
zation, and scattering near the end of the range. These we will call definite 
hyperfragments. This type of analysis is only possible for events having fairly 
long, flat connecting tracks. The majority of the possible hyperfragments, 
however, had connecting tracks shorter than 20 um. For this large class of 
events, to which we shall refer as «GOK »’s, one cannot determine whether 
the connecting prong is heavy or fairly light, whether it scatters appreciably, 
or whether it stops or interacts in flight. 


22. Measurements. — Only in 208 of 272 selected events was it possible 
to make detailed measurements of range, angles, and probable charge for each 
prong. For the remaining 64 events, wherever possible, measurements were 
made on ranges of fast secondaries and on the angle of emission of the frag- 
ment with respect to the beam. 

The range-energy relation of BARKAS et al. (°) was used in the present 
analysis. The stopping power and shrinkage factor of our particular stack 
were determined as described in paper I where details of other calibrations 
‘an also be found. 

For a number of individual events the mass of a prong or of the fragment 
itself was determined by measuring multiple Scattering vs. range. The con- 
stant sagitta method (°7) was used. Second and third differences yielded very 
similar results, confirming low distortion of the pellicles used (see Paper I). 

It was attempted to determine the charges of a number of tracks using 


(*) W. H. BarKas, P. H. BarRETT, P. Cùer, H. Heckman, F. M. SMITH and 
H. K. TicHo: Nuovo Cimento, 8, 185 (1958); W. H. BARKAS: Nuovo Cimento, 8, 201 (1958). 

(9) M. pr Corato, B. LocaTELLI and D. HrRscHBERG: Suppl. Nuovo Cimento, 4 
448 (1956). 

(7) C. Ditwortu, S. J. GoLpsAcK and L. HIRscHBERG: Nuovo Cimento, 11, 113 (1954). 
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track width measurements (8-11). However, it soon became evident that be- 
cause of non-uniformity of development of the stack, identification of indi- 
vidual tracks might have been possible only if based on extensive local ca- 
librations, involving prohibitive time. 


2°3. Analysis. — An attempt was made to analyse all the definite hyper- 
fragments and GOKs, exclusive of the 64 events which were not completely 
measurable, by means of a code designed for use on an IBM 650 computer. 
| The starting point of this code was the one used by INMAN at Berkeley (12:13) 
for the analysis of mesic hyperfragments. The Berkeley code was modified 
by us, as indicated in some detail in the Appendix, for the purposes of more 
efficient handling of non-mesic decays. The general procedure used in the 
analysis code is as follows: A separate IBM card is used to feed in the range, 
dip angle, azimuth angle and the limits on the admissible charge assignment 
for each prong of an event. For each alternative set of Z; and A, values as- 
signed to the various prongs i, the machine computes the momentum un- 
balance and assigns it successively to a) no neutral particle; b) a neutron; 
or €) a neutral pion. For each of these alternatives it calculates the binding 
energy B,, for the particle in the hypernuclide (Z, A). In this way, the B,’s 
for all combinations of the admissible Z; and A; values of all the prongs are 
obtained. Those B,’s which lie between — 25 and +45 MeV are punched 
out along with corresponding residual momenta, total and visible kinetic ener- 
gies etc. B, is found from the formula 


B,= M,_+M,-Ym-9Q, 


Here the m; are the masses of the emitted particles; M, is the mass of the A, 
taken as 1115 MeV; M,_, is the mass of the nucleus (Z, A-1); @ is the kinetic 
energy released. 


2°4. Evaluation of errors. — It is necessary to attach an error, AB,, to 
the B,’s computed as above, particularly as in the present work the value 
of B, is often used to identify an event as a probable hyperfragment. 

The measurement errors in azimuth angle g, dip angle 0, and range R, 
adjusted for uncertainties in shrinkage factor and range straggling, could be 


(8) G. Arviar, A. Bonerti, C. Dirwortn, M. Lapu, J. MORGAN and G. OcCHIA- 


LINI: Suppl. Nuovo Cimento, 4, 244 (1956). 
(?) S. NAKAGAWA, E. Tamar, H. Huzira and K. Oxuparra: Journ. Phys. Soc. 
Japan, 11, 191 (1956); 12, 747 (1957). 
(19) 0. SkJeGGESTAD: Nuovo Cimento, 8, 927 (1958). 
(11) A. C. BARKOW: private communication. 
(2) F. W. Inman: Univ. of Calif. Rad. Lab., Report UCRL 3815 (1957). 
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13) W. H. BaRKAS: Proc. of the Seventh Rochester Conference (New York, 1957). 
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fed into a slight variation of the Berkeley code (see Appendix) to compute 
the error in B,. This was done only for interpretations yielding «reasonable » 
binding energies, 7.¢., agreeing with the corresponding B,’s from mesic decays, 
as given in Fig. 8 of Paper I. All of the events analyzed in the present work 
require at least one neutral particle to balance the residual momentum and 
to give a «reasonable » value for B,. The energy of this postulated neutral 
particle is in most instances very sensitive to the input errors. For this reason, 
our estimated binding-energy errors, AB,, tend to be rather large, as can be 
seen from Table I. In this work, typical measurement errors were: Ag = +1.0°, 
Ad= +1° or 2°, AR/R=+0.01 to 0.02, including straggling. Through the 
inclusion of a neutral particle, these uncertainties in general yield AB,’s from 
5 to 10 MeV, and considerably larger errors in a few cases. 

From the experience gained in this work, it is felt that some assignments 
of AB, for non-mesic hyperfragments reported in the literature are under- 
estimates. It becomes more than ever apparent that reliable binding energies 
can only be derived from mesic decays. 


3. — Results and discussion. 


31. The yield of non-mesic fragments. — A total of 216 GOKs and 56 de- 
finite hyperfragments was found. In the same volume of emulsion 37 mesic. 
decays were located. Besides being interpreted as hyperfragments, the GOKs 
could be attributed to one of the following causes: 


1) chance coincidence; 

2) K or X capture; 

3) m capture; 

4) interaction in flight (collision). 


Of these possible alternatives, 1) can be discarded, since an estimate of the 
probable number of chance coincidence events is about 0.03 for the volume 
scanned. Twenty K~ and © were found in the stack with ranges generally 
exceeding 700 um; none were shorter than 450 um. Since scanning bias would 
favor shorter ranges, it is felt that causes (2) can also be neglected. 

As the GOKs constitute, by definition, a class of events not individually 
identifiable, one must resort to statistical arguments to assess the probable 
number of true hyperfragments contained among them, i.e., to discriminate 
against causes 3) and 4). Three independent arguments were used, based 
respectively on: a) range distribution of connecting tracks, b) angular distri- 
bution of the connecting tracks with respect to the beam, and c) energy 


spectrum of fast secondaries from the GOKs. These three methods will now 
be described. 
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Discrimination from range distribution of connecting tracks. 
— Fig. 1 shows the range distributions, per 20 um interval, of connecting tracks 
for identified x captures, for Star-producing collisions, and for scatterings of 


gray or black tracks (so-called Y's); it also 
shows the total number of GOKs in the 
range 0 to 20 um. It is to be noted that 
there is some increase in the x°s, Y’s and 
collisions as one approaches shorter ranges. 
One would not expect a large increase 
in the number of Y’s or collisions with a 
decrease in the length of connecting track 
into the 0 to 20um region. This expec- 
tation may be somewhat less warranted 
for x captures, but is given some sup- 
port by the emulsion experiment of Fry 
and Worp. (14). They exposed to a x 
beam having insufficient energy to create 
hyperfragments (220 MeV) and found no 
m-connected stars of range less than 
20 um (their shortest was 33 um). 

Any plausible extrapolation of the his- 
togram of Fig. 1 into the 0 to 20 um range 
indicated that the number of z’s, Y’s and 
collisions in this range is of the order of 
100, or at most about 150. Thus 100 to 
150 GOKs of less than 20 um range can- 
not be accounted for as x’s, Y's, or colli- 
sions. This number of GOKs must, the- 
refore, be classed as hyperfragments. 


Discrimination from angular 
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Fig. 1. - Comparison of the number 

of GOKs of range < 20 um with the 

range distributions of =~ captures, 

Y’s (scatterings), and collisions in 

the range 0 to 500 um. 


distribution of connecting 


tracks. — It has been observed by several investigators that there is a strong 
tendency for hyperfragments to be emitted in the forward direction (in the 
laboratory system), relative to the direction of the high energy initiating particle. 
The following ratios for forward to backward emission, F/B, have been found: 


Fry, Scuneps and SWAMI (1°) 5.25+3 

DEA ea eta 2.2 +0.56 
SLATER (3) (mesic decays) . RE e gt. 1.65+0.5 
Definite non-mesic decays in present study . . 2.2 +0.5 


(14) W. F. Fry and D. C. Worp: Phys. Rev., 104, 1478 (1956). 
(5) W. F. Fry, J. Scuners and M. 8. Swami: Phys. Rev., 99, 1561 (1955). 
(6) G. C. DEKA: Proc. of the Padua-Venice Conference (1957). 
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On the other hand, for the 198 GOKs of less than 20m range we find 
F/B = 2.25 +0.35. 

In order to utilize these ratios for discrimination, one has to know the 
angular distribution of the alternative causes of GOKs, 7.¢., 7 captures, scat- 
terings, and interactions in flight. These distributions were studied, for events 
with connecting tracks shorter than 500 pm, in approximately half of the 
volume scanned for hyperfragments. These are the results: 


| | F/B 

| TS | 1.0+0.16 
| Y’s | 1.2+0.18 
| Collisions | 2.1+0.56 


It can be seen that only the collisions have a forward to backward ratio 
statistically different from 1. However, it may be seen by extrapolation from 
Fig. 1 that the collisions probably constitute not more than 6% of the events 
in the 0 to 20 um range. Allowing for the extrapolated number of short col- 
lision events (about 8 forward and 4 backward) in this range, (129412) GOKs 
go forward and (5748) GOKs go backward, è.e., F/B= 2.3 + 0.4. The com- 
parison of this ratio with that observed for definite fragments indicates that 
all observed GOKs could well be hyperfragments. A lower bound for the 
number of probable hyperfragments contained among the GOKs was obtained 
by assigning to these GOKs F/B=1.9 (the lower limit by 1 standard de- 
viation) and to the definite fragments F/B = 2.7 (the upper limit by 1 stan- 
dard deviation). This yields that > 100 hyperfragments are contained among 
the 198 GOKs considered here. 


Discrimination from fast secondaries. — This approach consists in 
comparing relative numbers of protons emitted by GOKs and by definite hyper- 
fragments. The work of ADELMAN (!) (see Fig. 2) shows that fast protons, 
î.e., those having energies greater than 50 MeV (310 MeV/c), are emitted in 
less than 4.5% of all 7- captures. By definition, the Y’s consist of scatterings 
of slow particles, and hence do not contribute fast protons. The collisions 
constitute less than 6% of the GOKs and will only in some cases produce 
fast protons. On these grounds all protons having energies greater than 50 MeV 
will be attributed to hyperfragment decays. 

Among the 216 GOKs and 56 definite fragments, 47 events emitted a fast 


(1?) F. L. ADELMAN: Phys. Rev., 85, 249 (1952). 
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(> 50 MeV) proton. The energy distribution of the latter is given in Fig. 2. 
Highteen of these 47 events were identified as definite hyperfragments. Thus 
about one-third of the latter emit a fast 

proton. Making the assumption that the AN/N 


hyperfragments < o {s_ hav F 

YP a NBonEI GOES have the Gr m~ Captures | 
same probability of emitting fast protons 04 (Ade/man, 1952) 
as do the definite hyperfragments, it fol- Ji: | 


lows that the total number of hyperfrag- RS i 1 


L 
ments among the GOKs is 91, with a mi GOKs i 
statistical error of +36. Admittedly, } 
such an assumption is probably in error, 08- | 
since the definite fragments are generally 0 rah 
of longer range, and hence probably of at , 


lighter mass than the GOKs. This may T : 
cause differences in the probability of 20+ Definite fragments + 
L | 


dae 


emission of fast protons, and may lead 
to an underestimate of the actual number 


of hyper-fragments. a 2 | 
i | 

08 - 1 

t i 

04- 5 7 


Fig. 2. — Energy spectrum of fast protons from L 


m captures, as given by ADELMAN (!’), from dI maree e 
the definite fragments, and from the GOKs. Energy (MeV) 
The over-all non-mesic to mesic ratio. — The results on the total 


number of hyperfragments among the GOKs are summarized here: 


From fragment ranges 160 to 150 hyperfragments 
From angular distributions > 100 hyperfragments 
From fast protons (91436) hyperfragments 


Considering the assumptions and approximations involved, these figures 
appear to be in reasonable agreement with each other. Taking a rough average 
of these results, it is estimated that about 130 of the GOKs (60%) are hyper- 
fragment decays. Adding 56 definite cases, the total number of hyperfragments 
is 185 + 40 or about 70% of the events collected. 

Assuming the same efficiency for the detection of the non-mesic and the 

mesic decays, this corresponds to a total non-mesic to mesic ratio of 5.0 +1.3. 
The non-mesic to mesic ratio as a function of Z is discussed in part '3°3 of this 


section. 


4 - Supplemento al Nuovo Cimento. 
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Taking into account the scanning efficiency, one finds that the scanned 
volume of the stack contains (225+ 50) non-mesic and (45-+-8) mesic decays. 
The number of stars produced by 4.5 GeV 77 beam stacks in the same volume 
is (1.48 + 0.06)-10° The absolute yield of hyperfragments is, therefore: 


All hyperfragments (1.8+0.3)-10-* per primary star | 
Non-mesie hyperfragments (1.5+0.3)-10-* per primary star | 
Mesic hyperfragments (3.0+0.5)-10-4 per primary star 


3°2. Modes and characteristics of decay. — A total of 193 events were ana- 
lyzed on the IBM 650 computer, as described in Sect. 2. Another 15 events 
were not analysed because they had four or more prongs, and previous ana- 
lyses of a number of similar events yielded so many acceptable interpretations 
that virtually no useful information could be gained. The remaining 64 events 
were not completely measurable. 

None of the events analyzed on the computer could be interpreted as a 
decay into charged particles only. Even when it is assumed that the residual 
momentum is taken up by one neutral particle only, the majority of the ana- 
lysed events remain quite ambiguous, i.e., they admit of many different inter- 
pretations. 


«Interpretable» events. — If the emission of only one neutral par- 
ticle is assumed, then, among all analysed events (ineluding both definite hyper- 
fragments and GOKs) there are 44 events which machine analysis shows to 
be consistent with interpretation as hyperfragments of unique Z. These events 
will be called «interpretable ». The decay products and the individual fragment 
ranges of these events are given in Table I. 

It must be emphasized that almost any event which is consistent with the 
emission of one neutral particle is also consistent with other interpretations 
involving the emission of more than one. Even so «clean» an event as the 
775 um hyperfragment shown in Fig. 3 cannot be uniquely analysed. For 
this event, a d-ray count shows the charge to be 4, but the masses of the 
4 secondary particles are undetermined. Even for this favorable case, there 
exist two possible decay schemes involving emission of just one neutron: 


‘Be, >*H +*H+°*H+*H+n with B,= (5.3 +6.5) MeV, 


E 
OT 
‘Be, 7H +H +*H+*H+n with B,=(3.0+6.5) Mev, 


This event is also consistent with various other interpretations as Be, decay 
in which two or more neutrons are involved; in fact, it might be expected that 
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Fig. 3. — Event interpreted as either 


“Be 1H 41H 42H + °H--n or *Be, > 1H 4°*H+°H+7H +n. 
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a decay yielding so many charged particles would be quite likely to emit more 


than a single neutron. 


In considering the information in Table I, it must be remembered that 
only the events indicated by an * are definite hyperfragments. The remainder 


can individually be interpreted as hyperfrag- 
ments only on the basis of the results of the 
very analysis from which the table is derived. 
It is of interest to note that of 14 non-mesie 
«interpretable» *°He, events, 4 have ranges 
Shorter than 20um. None of the 16 He, 
mesic decays of Paper I have ranges shorter than 
20 um. It is unlikely that the apparent diffe- 
rence in the range distributions of mesic and 
non-mesic fragments (see Fig. 4) is due to a phy- 
sical cause. It seems more probable that several 
of the «interpretable » events have been misin- 
terpreted, 7.e., that the assumption that they 
are He, decays involving only one neutral 
particle is incorrect. In spite of these obser- 
vations, we shall continue to refer to these events 
as «interpretable » in what follows. 
Examination of Table I brings to light se- 
veral features concerning interesting hypernuclei 
and modes of decay. One notices that of 10 
«interpretable» “He, decays, all but 3 decay 
into 3H, 1H, n. The only 2 examples of non- 
mesic *He, reported in the literature (1%) (see 
Table II) also follow this decay mode, which 
is predicted from the model of A decay sti- 
mulation described in equation (2a) and (2b). 
In this model, a fairly energetic n, p pair is 
emitted and the *H core is left to take up any 


50 500 
RF (ym) 


Fig. 4. — Ranges of ‘*He, 
fragments found for the mesic 
and the «interpretable » non- 
mesic decays. The non-cross- 
hatched areas of the mesic 
curve represent unidentified 
mesic decays which are con- 
sistent with *>He,: 


residual momentum. However, in only 6 of these events (*He, > *H-+!H+ n) 
does the energy of the 1H exceed that of the *H. The !H to *H energy ratios 
(in MeV) for all 9 events are 50/3, 89/1.3, 60/3, 91/5, 34/13, 27/19, 16/24, 6/26, 
and 1/43. This result may be of interest in interpreting the experimental data 
which give information on the stimulation process; in fact, it suggests a consi- 
derable interaction between the products of the stimulation and the residual 


core. 


(18) 0. SkyEGGESTAD and S. O. SORENSEN: Phys. Reo., 106, 1280 (1957). 
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TaBLE I. — List of the events which are interpretable as the decay of a hyperfragment 
with unique Z, provided the possibility of emission of two or more neutral particles is not 


considered. An * preceding a fragment range indicates that the event is a definite hyper- 


fragment (see text). 
| : Individual frag- i 
Hypernuclide ment range (um) Decay products 
5Hey FOL iets 1a, 3H, 1H, n 
AGO, by 
sayy, ZI 
10 
5He, 3 ASI, 
Maley. AE Maly alt 
FEO *370 pEia2 Eien: 
SElON 6 SHe, n 
BS Hey *58 SSI Aa Haro 
Sole 7 Tie El ree Ore Hee ae 
He, 9360 CHASE 
Taeg (69) _ 5 3 HPS.H*m 
SHIA 60 Vale Ss Hem 
SR 5, 4 sE Hiesn 
DA 9 CHE HESS HS 
AD 3 LHSSH'esnfior®2 HS°*H'em 
"Lin 8) LES tel olan 
"Li, 3 7H Hes m 
| Abin 21 2H, He, n or *H,.SHe,n 
Ibra 18 Mel tales in 
ZA 3 FER: HS Hem 
SA 21 SEC Hl'esm 
CRA | 19 3H, ®*He, n or 2H, 4He, n 
DER DA) y 3 TH yA Hee hn? on Herr eer i 
DEE 2 SH He 
ONG. 6 aks ale ley 7a) 
weet Tui Aaa ly F518 Ke) aa) 
8.9 LEN 15 1,2,3H, 6He, n 
| (Be | 5 SETS HSE 
| AO 5 "He, Hern 
*Be, *26 LES HS aka on 
10Be, *21 Hal Lian 
*2Bey *24 ‘HL, Se He Heat 
Bebe *180 nH, HoH, 8H or HH thee oe 
Ben 5 °He, **He, n WE i 
3:2Bey SATO cle Deals ee os shea 
10.11 Be 3 ®He, ®4He, n 
eB AS) *256 SS 
(*) Note added pa. proof. — The hypernuclides “He, and “By, have also been found i 
in study of K~ induced hyperfragments by R. G. AMMAR, R. LEVI SETTI, W ESSE os 
S. LIMENTANI, P. E. ScHLEIN and P. H. STEINBERG (to be published). DE e aa 
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Two «interpretable » events are classed as "He, with the emission of one 
neutron. No other events interpretable only as 7He, have been reported from 
other laboratories. It is reasonable to expect that 7He x Should exist, since ‘He 
is bound. To preclude the decay "He, +>*He,+2n, B,("He,) must exceed 
B,(*He,)— 0.94 MeV, where 0.94 MeV is the (2n+*He) — “He mass difference. 
The uncertainties in B, for our "He, cases are too large to allow a check on 
this point. 

One might expect that “He,, ‘Li, and 7Be, should not exist, since *He, 
*Li, and “Be are all higly unstable. However, in Table I we list two He, decays 
and one *He, or “He,. These all decay into 2H, *H and n. Non-mesic decays 
may offer the best means for detecting *He,; in fact a mesic decay into 
‘He+!H+x-+n might be easily misinterpreted as a *He, > ‘He+!H+ 7, 
since the neutron momentum would generally be rather small. Table I also 


TABLE II. — Non-mesic decays of *He,, SLi,, and "Bey reported from other laboratories. 
By is the reported binding energy of the A; AB, is the reported error in By. 


> Decay B ABy 
Observer Identit A 
¥ Products (MeV) (MeV) 
SKJEGGESTAD, SOREN- f Hex *H,!H,n 3.6 1 
SEN and SOLHEIM (18) Il 5Hex 3H,!H,n 1.3 1 
Î 
SKJEGGESTAD, SOREN- 
SEN and SOLHEIM (15) SIE gi le m 7.8 2 
[ Li, [H,?H, 2H, n 6.8 3 
Bae oa | Li, 3He, 8H, n° 4.3 or 5.5 1.5 
GOTTSTEIN et al. (?°) SON SHE Hem — 6 22 
TEA (2) Abi 1H,*He,n 5.5 375 
DEKA (16) "Bey 4He, 2H, 1H, 7° ww 4.6 “6? 
Fry et al. (19) TBE Daley, “eles oe" 8.3 or 9.1 1.8 
CASTAGNOLI et al. (22) "Bey 4He, !H,!H,n 5.5 16 


(19) W. F. Fry, J. SCHNEPS and M. S. Swami: Phys. Rev., 106, 1062 (1957). 
(2°) K. GorTstEIN, B. RoEDERER, J. ROEDERER, N. VARSHNEYA and. P. WALO- 
SCHEK: Zeits. Naturfor., 11a, 152 (1956). 


(21) M. Brau: Phys. Rev., 102, 495 (1956). 
(22) C. CASTAGNOLI, G. CORTINI and C. FRANZINETTI: Nuovo Cimento, 2, 550 (1955). 
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shows four events interpretable as Li, plus four other events which may 
have this interpretation, but which are equally compatible with one or more 
other lithium isotopes. In addition, Table I contains two events interpretable 
as "Be, as well as three other ambiguous cases which are compatible with both 
"Be, and *Be,. Examples of non-mesic decays of *Li, and 7Be, found in 
other laboratories appear in Table II. 

Here, again, we might stress that in each event, the actual identity of one 
or more prongs is not determinable, and the interpretation is based on the 
assumption that only one neutral particle is emitted. In every case, further 
interpretations are possible involving emission of 2 or more neutral particles. 


Other events. — No individual identification can be obtained for any of 
the «non-interpretable » analysed events. A few crude features concerning 
this group of events will be summarized here. 

One can estimate the maximum number of events which could have emitted 
a 7° as the only neutral particle. At most ten ot the 141 non-interpretable 
events are consistent with this interpretation, although they offer alternative 
interpretations as well. Including the three «interpretable» x° events in 
Table I, we find a maximum of thirteen (out of the 193 analysed events) which 
could have decayed with emission of only x° and charged particles. 

Information on emission of more than one neutral particle from hyper- 
fragment decays is very incomplete. In 48 cases the emission of only one 
neutral particle is ruled out by the machine analysis. This indicates that these 
events either involve emission of two or more neutral particles, or are not 
hyperfragments. 

A study of the energy release and momentum unbalance gives an estimate 
of the upper limit for the number of events emitting a 7° and one or more 
neutrons. About 84 events (including 11 definite fragments) of the total of 
272 investigated admit of this interpretation. It must be pointed out, however, 
the 73 GOKs involve visible energy release of less than 40 MeV, hence they 
are likely to include a larger fraction of spurious events than that estimated 
(40%) for the entire collection of GOKs. However, combining this value with 
the previous data on events consistent with emission of a n° as the only neutral 
particle, we obtain the result that not more than 31 % Of the events are con- 
sistent with 7° emission. 

For the free A particle, it is found (2%) that the ratio of decays A’ > 7x°+n 
KR->n-+p is 0.59 + 0.06. Assuming this same ratio to hold for a A bound 
in a hyperfragment, one would expect about 22 decays involving 7° emission 
in our stack, a number not inconsistent with the upper limits found above. 


(8) D. A. GLASER, M. L. Goop and D. R. 0. Morrison: Proc. of the 1958 Annual 
International Conference on High Energy Physics at C.B.R.N., p. 270. 
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Momentum distributions of emitted protons and neutrons. — 
2 By ictri . RA 4 . 5 mò 
The momentum distribution foi protons having momenta > 180 MeV le 
ere T SERENI AEREO . " a 
(~ 17 MeV energy) is given in Fig. 5. Following the arguments of BALDO- 
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Fig. 5. — (a) Momentum distribution of protons of momentum > 180 MeV/c (~17 MeV) 
from all observed events; the shaded areas represent the definite hyperfragments. 


(6) Momentum distribution of all neutrons emitted in the decays of «identifiable » 
hyperfragments. 


CEOLIN et al. (24), one can use this information to estimate the neutron to 
proton stimulation ratio, N/P, where N represents the number of cases in which 
have the A (or perhaps an intermediate virtual X (?5)) is stimulated to decay 
by a neutron, A+n—-n+n-+4Q, and P represents those cases in which the 
decay is stimulated by a proton, A+p+=n+p+@. Analysis by this me- 
thod assumes that i) the decay is stimulated by a single nucleon; ii) protons 
emitted with momentum above a certain cut-off originate in the elementary 
process P (proton stimulation); and iii) protons (and neutrons) from process P 
do not lose so much energy to the residual nucleus as to become unidentifiable 
as originating in the primary process. 

Assumption iii) is given some support by the data of BALDO-CEOLIN et al., 
and from Fig. 6 which plots the energy of all other visible particles against the 
energy of the fastest proton, for the definite fragments. 

To find the cut-off in ii) BALDO-CEOLIN et al., plot the energy distribution 
of the emitted protons. Taking the expected proton energy from process P 
as about 78 MeV (380 MeV/c), and assuming a symmetric energy spread due 


(24) M. BaLpo-CeoLIN, C. DirwortH, W. F. Fry, W. D. B. GREENING, H. HuzitA, 
S. LIMENTANI and A. E. SicHiroLLo: Nuovo Cimento, 7, 328 (1958). 
(25) F. FERRARI and L. Fonpa: Nuovo Cimento, 7, 320 (1958). 
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to Fermi momentum in the nucleus, they find the cut-off to be about 30 MeV 
(240 MeV/c). Repeating this procedure using our definite fragments, but 
assuming symmetry of the momentum spread about the mean ( 390 MeV/e) 
rather than symmetry of the energy distribution, an estimate of the cut-off 
is about 40 MeV (275 MeV/c) (see the shaded histogram in Fig. 5). The ratio 
N/P is fairly sensitive to the choice of cut-off. For the 56 definite fragments, 
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Fig. 6. — Plot of the energy of all other visible particles vs the energy of the fastest 

proton, for the definite hyperfragments which emit a proton of H> 20 MeV. The 

circled points represent events which emit 2 protons each of which exceeds 20 MeV 
in energy. 


N/P=0.9 +0.3 using a 30 MeV cut-off, N/P=1.4+ 0.5 with a 40 MeV cut- 
off. For the estimated total of 185 hyperfragments, these ratios N/P are, 
respectively, 0.9 + 0.2 and 1.7 + 0.3, if it is assumed that the protons with 
E> 30 (or 40) MeV all come from hyperfragment decays. 

The assumption that the A decay is stimulated by one nucleon leads to 
the prediction that each of our « interpretable » events should emit a fast 
proton. Our data lead to the following results which are not in agreement 
with this prediction: the 41 non-x° « interpretable » events (interpretable 
as A hyperfragments emitting only one neutral particle; see Sect. 3°2) 
each emit one fast neutron. Their neutron spectrum is shown in Fig. 5. If 
only one neutron is emitted, the one-nucleon stimulation process involved 
is P, shown above, hence one would expect each of these «interpretable » 
events to emit a fast proton. However, the data show that only 13 of these 
41 events emit protons with energy greater than 30 MeV. If among these 
41 events the 14 definite hyperfragments are considered, only 6 emit protons 
exceeding this energy. These results imply either a) that many of the 41 events, 
though interpretable as one-neutron decays in Sect. 3°2, are not actually hyper- 
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fragments, or, especially among the definite fragments, that they may emit 
two or more neutral particles; or b) that the description of non-mesic hyper- 
fragment decay described in i) is incomplete, for example, two-nucleon sti- 
mulation may be important. The possibility of stimulation by two or more 
nucleons is also suggested by the fact that we found 10 events (including 4 de- 
finite. fragments) emitting two protons of energy greater than 20 MeV each, 
and in two of these events both protons have energies exceeding 30 MeV. 

It may be relevant to consider here the momentum spectrum of the neutrons 
from the «interpretable » events, given in Fig. 5. From stimulation processes 
of type P (see above), one would expect this spectrum to be similar to that 
of the protons, also given in Fig. 5. However, the average neutron momentum 
is about 450 MeV/c and the lowest calculated momentum is 300 MeV/c, while 
the protons are concentrated at much lower momenta. (It should be empha- 
sized that Fig. 5 does not contain the many protons found with energies less 
than about 190 MeV/e (20 MeV energy), but it does contain all neutrons found 
for the «interpretable » events.) This neutron spectrum, and its deviation 
from that of the proton, may be significant, but its meaning is now not under- 
stood. 


3°3. Non-mesic to mesic ratio R. 


R as a function of Z.—The Z distribution of the mesic hyperfragments 
found in this stack by SLATER (‘) is: Z=1, 9 events; Z=2, 16 events; 
Z=3, 4 events; Z=4, 3 events; Z>5, 0 events; unidentified, 5 events. By 
a study of prong number distributions and by using some of the results already 
discussed, it is possible to obtain, as a funetion of Z, approximate values and 
upper limits for the number of non-mesic hyperfragment decays. With these 
results for the mesic and the non-mesic decays, one can investigate the non- 
mesic to mesic decay ratio R as a function of Z. 

One approach to the problem, applicable in the case of helium, is the fol- 
lowing. It has been noted that all of the mesic helium hyperfragments in 
the scanned volume have ranges greater than 20 um. If we compare these 
decays with the non-mesic helium decays with ranges greater than 20 um, we 
obtain an estimate of R which is independent of the peculiar range-distribution 
of non-mesic helium hyperfragments noted previously. 

Of all the non-mesic hyperfragments found which have connecting tracks 
longer than 20 um, at most 23 could possibly be helium hyperfragments. Of 
these 23 events, only 12 are «interpretable » in the sense used here. Among 
the mesic decays observed, 16 (or at most 21) are He, events. Using this data, 
we estimate that for He, lies between the limits 0.6 < R< (1.4 + 0.5). 
No statistical error is attached to the lower bound, as it would lack signi- 


ficance. 
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or 
(0.0) 


The Z distribution for non-mesic decays may be investigated from the 
prong number distribution of the events by making various assumptions about 


TABLE III. — Prong distributions for the non-mesic events. 
The first row shows the distribution for all observed events; the second row, that for 
the definite hyperfragments; the third row, that for the GOKs; and the fourth row, 
the corrected distribution for all non-mesic hyperfragments among the observed events. 


Number of prongs 
1 2 3 4 5 6 
All events 25 89 90 49 14 5 
Definite fragments 2 20 23 9 2 0 
GOKs 23 69 67 40 12 bi 
All hyperfragments 5 40 | 81 | 45 12 5 


the charge distribution of the prongs. The prong number distribution is plotted 
in Fig. 7 for a) all events (solid line), and b) for « definite » hyperfragments 

(dotted line). The same information is 
(| e exhibited numerically in Table III. The 
corresponding distribution for GOKs is 


di also given in Table III 
80- Sect. 3'1 it was established that about 
70} | 0.6 of the GOKs are hyperfragments. If one 


attributes the remaining GOKs to 77 cap- 
7 tures, Y’s, and collisions in the propor- 
| tions 50%:44%:6% (estimated from 
our study of these types of events in the 
range 0 to 100 um; see Fig. 1), approxi- 
1 mate corrections can be made for the 

known prong number distributions (2°) of 
these events. The last row in Table IIT 

gives this corrected prong number distri- 
bution for all the non-mesic hyperfragment 
Ono WOME? Srgir PAT SE 7 AE 

Number of prongs If, as a rough approximation, one 
Fig. 7. — Prong number distribution assumes that half of all events have Z 


for all observed events (a), and for equal to the number of prongs and that 
the definite hyperfragments (b). the remaining events have Z equal to 


Number of events 


(°°) For the x captures, we used the prong number distribution given by A. ALUM- 
KAL, B. CHAMANY and A. G. Barkow: A study of the emission of 8Li from stopped x- stars. 
To be published. 
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one plus the number of prongs (i.e., they each emit one particle with 
Le 5b) > y AEREE N LETTRICI . . . QI o oi 
Z=2), one finds the charge distribution given in the first row of Table IV. 


La a T . . . . 
lABLE IV. — Charge distributions for the non-mesic events. 
Row (a) gives the estimated distribution found by studying prong number distribution ; 


row (b) gives the upper limits for each Z obtained from the prong number distribution; 
and row (c) gives the estimated distribution obtained from machine analysis, disre- 
garding possible emission of two or more neutral particles. 


| Z (charge) 

| #3 2 | 3 4 5 6 

| | 

| (a) 2 DEE SA 60 62 28 8 

| (b) 5 45 12 166%, si 188 143 
(e) 0 29 32 43 29 >9 


Combining this distribution with that for mesic decays given above, one. 
obtains the estimates of R(Z) listed in the first row of Table V. 


TaBLE V. — Non-mesic to mesic ratio R as a function of Z. 
2 — — = —— == = — —— 
Charge 

1 2 3 4 
| R estimate from prong number distribution 0.2 1.4 15 MAZZA 
Upper limit from prong number distribution 0.6 2.8 30 55 
Estimate from machine analysis 0 1.8 8.0 14 
Found by Fry et al. (19) 0 2.6 16 70 


In order to determine upper limits for R as a function of Z, the charge 
of each prong is allowed to assume the values one or two, and the maximum 
number of events for each Z is calculated from the prong number distribution. 
Example: To obtain the maximum number of hyperfragments with Z= 5, 
we add the number of events with 3, 4 and 5 prongs. The results appear in 
the second row of Table IV. Combining this with the distribution of mesic 
hyperfragments the upper bounds for & shown in the second row of Table V 
are obtained. 

Another approach to the determination of R(Z) is this: From the results 
of the machine analyses, one plots the number of events vs. Z, the fragment 
charge, allotting each event unit area on the histogram. For each decay 
yielding one or more possible interpretations (each emitting one neutral par- 
ticle), one counts the number of interpretations leading to different Zs, and 
normalizes this distribution for the event; e.g., for an event having one inter- 
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pretation consistent with Z=2 and two with Z=3, one plots an area of 
0.33 for Z= 2 and an area of 0.67 for Z= 3. In this manner the histogram 


in Fig. 8 is evolved. The data of Fig. 8 should be corrected for the estimated 
contributions of the 15 events which were 


44 ae aes lee eae ae not analysed because they had 4 or more 
40h 2 | prongs (see this Sect. 3°2), and also for the 
è estimated contributions of the 64 unmeas- 
36+ ti 7 urable events, assuming their charge distribu- 
32-2 | tion to be the same as for the analysed 
events. When these corrections have been 

28 ni made, one obtains the charge distribution 
24 J shown in the third row of Table IV. It must 
be remarked that the charge distribution 

20 | found in this way is based on the compa- 
16 SI tibility of an event with decay schemes in- 
ni volving the emission of one neutral particle, 
i and it ignores multiple neutron emission and 

8 4 neutron plus 7° emission. However, it is of 
interest to list the R(Z) values found by this 

6 ‘| method (third row of Table V) for compa- 
0 vow, rison with those obtained in other ways. 


lee Come ri 2) 5 
Fragment chara 


Fig. 8. — Charge distribution of 
the non-mesic decays as given 


Considering the wide variation in methods 
of calculation, the agreement is fairly good. 
The fourth row of Table V gives the re- 


by the IBM 650 computer ana- 

lysis. All analysed events are in- 

cluded in the solid curve; the de- 

finite hyperfragments are shown 
by the dotted curve. 


sults found by Fry, SCHNEPS and SWAMI (19). 
They feel these values to represent upper 
limits, since some of their short hyperfrag- 
ments may be 7- captures or collisions. 


Spin of the A. — The spin of the A can be determined from the non- 
mesic to mesic decay ratio for hyperfragments, as proposed by RUDERMAN 
and KARPLUS (*) and further discussed by DALITZ (27). They estimate the 
expected value of the non-mesic to mesic ratio, R,, as a function of I, the 
orbital angular momentum of the 77 meson in the decay A + 77+x. In agree- 
ment with the terminology used here, decays with 77 emission are counted as 
«mesic », while those involving a z° are counted among the «non-mesic ». 
For light hypernuclei Z <2 RUDERMAN and KARPLUS estimate that 


(3) Ri, 0.6VB, (MeV) (17). 


(2?) R. H. DALITZ: Rep. Progr. Phys., 20, 163 (1957). 


A SYSTEMATIC STUDY OF HYPERFRAGMENTS ETC. - II 61 
For heavier hypernuclei Z > 3 they estimate 
(4) R, = 40x (17). 


These estimates are to be regarded as valid only in order of magnitude since 
other processes which can contribute to the non-mesic capture process are 
neglected in this calculation. 

The non-mesic/mesic ratios predicted for 1=0 and 7= 1 and for the hyper- 
nuclei *He,, *He, and the hypernuclei Z > 3, shown in Table VI, are ob- 
tained from the expressions (3) and (4). These values were computed for 
binding energies B,(*‘He,)= 1.8 MeV and B,(*He,)= 3.0 MeV. The exper- 
imental values for R will now be compared with these order-of-magnitude 
theoretical predictions. 


TABLE VI. — The theoretical non-mesic to mesic ratio R, 
as a function of l for different hypernuclei (3). 


| ° t=0 a 
| 
| del tor “He,  (B, = 18) | 0.8 13.6 
| R, for *He, (By, = 3.0) 1.04 17.6 
TR, fino VAR | 40 680 | 


As discussed above, the ratio # for all He, having ranges greater than 
20 um lies between 0.6 and 1.4. This value is in excellent agreement with 
that predieted by RUDERMAN and KARPLUS for 1=0. If we consider the 
values of R found for all He,, regardless of range, as given in Table V 
we find that R is approximately 1.6 with an upper limit of 2.8. It is seen that 
these results, as well as the value Rk = 2.6 found by Fry et al. (!°) (shown in 
row 4 of Table V), are also in better agreement with = 0 than with 1= 1, 
although they might be somewhat higher than the theoretical estimate for 
P= 0; 

For the heavier hypernuclei Z > 3 the values of È found by any method 
used in compiling Table V are all in considerably better agreement with those 
predicted for J=0 than for /=1. 

These results indicate that considerable S-wave is present in free A decay 
A+p-+nx-. Since parity is not conserved in A decay (?**) pions may be 


(28) F. ErsLer, R. PLano, N. Samios, M. ScHwARTZ, J. STEINBERGER, P. BASSI» 
V. BoreLLI, G. PuPPI, H. TANAKA, P. WALOSCHEK, V. ZoBOLI, M. CONVERSI, P. FRAN- 
zINI, I. MANNELLI, R. SANTANGELO and V. SILVESTRINI: Proc. of the Padua-Venice 
AE 


Conference (1957). i 
(29) C. Graves and D. GLASER: Proc. of the Padua-Venice Conference (1957). 
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emitted in the outgoing channels both for angular momentum j-+4 and for 
j —4 (the spin of the A particle is j). Thus a A spin of 3} would allow the emis- 
sion of both S and P-waves, whereas a A spin > 3 would require P-wave or 
higher orbital angular momentum in the A decay. The fact that such a low 
value has been obtained for R, far below the value predicted for P-channel 
emission and still further below that for D-channel emission, strongly sug- 
gests that there is substantial S-channel emission in A decay (*), which is com- 
patible only with spin + for the A particle. As discussed by DALITZ (*°), this 
qualitative conclusion is unlikely to be invalidated by the inclusion of addi- 
tional mechanisms of non-mesic decay other than the internal conversion 
process considered by RUDERMAN and KARPLUS, owing to the low value ob- 
tained here for R. 


4. — Production of hyperfragments. 


Several features observed in the course of the present investigation are of 
interest concerning the process by which hyperfragments are produced. These 
are the characteristics of the primary stars, the angular distribution of the 
fragment tracks relative to the primary beam, and the range distribution of 
the connecting tracks. 

The prongs from the primary stars were divided in the usual way into light 
(> 1.5xminimum), gray, and black (saturated). For the primary stars asso- 
ciated with all 272 events, the average number of prongs per star in each 
category is: light 2.63; gray, 3.26; and black, 8.01. The average number of 
prongs of all types per star is 13.9 + 0.62 and only 12% of the events had 
fewer than 9 prongs. This shows that most of our events were produced in 
the heavy elements in the emulsion. 

The forward peaking of the angular distribution of the fragment tracks is. 
discussed in Sect. 3°1. It is of interest to compare this distribution with that. 
found for ordinary *Li hammer tracks. Investigating the production of *Li 
nuclei by 4.5 GeV negative pions, DEKA ('*) finds the forward to backward 
ratio to be 1.4 + .2 for all *Li’s and 1.17 +.3 for *Li’s having energies less 
than 35 MeV (range less than about 140 um). Isotropy for low energy lithium 
events with increasing forward to backward ratios with increasing energy, has 


(*) Note added in proof. — The preference for S-channel pion emission is further 
substantiated by the work of R. G. Ammar, R. Levi SETTI, W. E. SLATER, S. Li- 
MENTANI, P. E. SCHLEIN and P. H. STEINBERG (to be published) who find a similar 
preference implied by the branching ratios in 4H A mesic decay. 


(°°) R. H. DAaLITZ: Parity non-conservation in the decay of free and bound A-particles. 
To be published. 
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also been reported by SKJEGGESTAD and SoRENSEN (31) for cosmic ray stars. 
The hyperfragments, although of low energy, have an angular distribution 
similar to that of the high energy ordinary fragments. 

One might speculate about the mechanism by which a A is emitted bound 
to a fragment. Considering the angular distribution discussed above, several 
simple models for this process could be the following: the A, produced in the 
primary interaction, i) binds to an evaporating nuclear fragment which hap- 
pens to be moving with a similar velocity; ii) binds to a knock-on fragment 
of similar velocity which is produced in the initial cascade process’ through 
the nucleus; or ili) knocks out a fragment by collision during escape from 
the nucleus, and binds to this fragment. Process iii) involves the total transfer 
of the momentum to the hyperfragment (*). 

It seems unlikely that process i) should occur for an evaporating fragment, 
because of the time elapsing between the initial act of A production and the 
evaporation. In an attempt to differentiate between the two remaining pos- 
sible mechanisms, plots were made of the hyperfragment velocity and mo- 
mentum (for the mesic decays and for the «interpretable » non-mesic decays). 
These are displayed in Figs. 9 and 10. A comparison is made in both plots 
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Fig. 9. Momentum distribution observed for hyperfragments (a) of mass number A> 5, 
î and (b) of A<5. 


between events with A <5, and events with A > 5. The momentum distri- 
bution (Fig. 9) appears to be independent of A, while the velocity distribution 
(Fig. 10) shows a considerable difference between the light and heavy fragments. 
Assuming that the production mechanism does not strongly depend on A, 
the above results indicate a preference for process iii), and the spread in mo- 


(31) 0. SkJeGGEsTAD and S. 0. SORENSEN: The emission of heavy fragments in 


nuclear disintegrations. To be published. 
(*) This mechanism was suggested by V. L. TELEGDI. 
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menta should essentially reflect the momentum distribution of the A at pro- 
duction. Hypothesis ii) could be consistent with Fig. 10 only if it is assumed 
that light and heavy knock-on fragments are emitted with different velocity 
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Fig. 10. — Velocity distribution observed for hyperfragments (a) of mass number A> 5, 
and (b) of A<5. 


spectra, the heavier fragments having the lower average velocities. It is quite 
possible that both processes may occur to some extent. 


5. — Conclusions. 


Connected stars can be definitely classed as non-mesic decays of hyper- 
fragments only in a limited number of cases, generally those with connecting 
tracks exceeding about 20 um in length. These represent about 0.2 of the con- 
nected stars. For the remainder (GOKs), individual identification as hyper- 
fragments is possible only in exceptional cases, and the estimate of the fraction 
of the connected stars which are hyperfragments was obtained by three inde- 
pendent statistical methods. Comparison of range distribution, angular dis- 
tribution (with respect to the beam), and energy spectrum of fast protons with 
the analogous quantities for known background events yielded the result that 
approximately 0.60 of the GOKs are hyperfragments. After correcting for 
Scanning efficiencies, the following absolute yields from 4.5 GeV x- interactions 
were obtained: non-mesie, (1.50.3) -10-3; mesic, (3.0-+-0.5)-10-4; all hyper- 
fragments, (1.8+0.3)-10-* per primary star. From this, it follows that the 
over-all non-mesic to mesic decay ratio is 5.0 + 1.3. 

Several methods were used to estimate the Z Spectrum of the hyper- 
fragments, and finally the non-mesic to mesic ratio R as a function of Z. 
The methods made use of the prong-number distribution of the decays and of 
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the results of the analysis of the events with the aid of an IBM 650 computer, 
în which 44 events were found to be « interpretable ». 

For all «interpretable » He, decays, the non-mesic to mesic ratio R is 
estimated to be about 1.6, with an upper limit of 2.8. However, considering 
only the He, fragments of ranges > 20 um (and this includes all the mesic 
He,), one obtains 0.6< R< (1.4 + 0.5). The estimate of È for Li, is ap- 
proximately 15, with an upper limit of 30. For Be a the ratio Fk is estimated 
to be roughly 21, with an upper limit of 55. 

Using the arguments of RUDERMAN and KARPLUS, one concludes from 
these results that the spin of the A is + and the S-wave channel contributes 

strongly to free A decay. 

When one attempts to establish the identity of a computer-analysed event 
by means of B,, it is found that the identification generally is quite ambi- 
guous, 7.e., one finds many acceptable values of B,: However, a number of 
individual events are uniquely identifiable if one assumes that they are frag- 
ments emitting one neutral particle. Among these are possible cases of *He,, 
7He,, SLi,, *Be,, and a Be,, as well as examples of more common hyper- 

fragments. In all these «identifiable » events, the analysis shows that a fast 
neutron (E > 40 or 50 MeV) is emitted. Because of the emission of these high 
energy neutrons, binding energy errors are comparable with the binding ener- 
gies themselves, hence useful values for the binding energies could not be 

obtained. 
The stimulation ratio N/P is determined by assuming that events emitting 

a proton of energy > L.,,.,, come from proton stimulation, and all others ori- 

ginate from neutron stimulation. Applying this analysis to the definite hyper- 

fragments, one finds N/P=1.4+0.5 for E.,.g= 40 MeV; N/P=0.9 + 0.3 

for E,...x= 30 MeV. It is noteworthy, in regard to this argument, that 

although all the «interpretable » events emit one fast neutron, less than half 

of these events emit a fast proton (E >30 MeV); while the model of A decay 
stimulation by one nucleon predicts that all should emit a fast proton. 

Concerning production of hyperfragments, a forward to backward ratio 

of 2.2 + 0.5 is found. A comparison of velocity and momentum distribution 

for light (A <5) and heavy (A > 5) fragments suggests a mechanism of hyper- 

fragment production, namely one in which the A transfers its momentum to 


an aggregate of nucleons in a collision process. 
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APPENDIX 


Summary of machine analysis. 


The following are the essential features of the hyperfragment analysis code 
used by INMAN at Berkeley (1112), 

On a separate punched card for each prong, the following information is 
fed into the IBM 650 computer: the charge Z, range, azimuth and dip angles, 
and the errors in these quantities. The computer is in addition instructed 
whether to perform the analysis excluding neutral particles, or with the in- 
clusion of a) one neutron, b) two parallel neutrons, or c) one 7°. For each 
assumed mass value (A) of each prong the computer calculates and stores in 
the memory the following quantities and their errors: momentum P mo-= 
mentum components P,, P,, P.; and kinetic energy T. Z, A, PP, ATI 
and AT are punched into output cards. Upon completion of this portion of 
the analysis for all prongs, the machine chooses one of the allowed sets of 
A values for the prongs, and calculates the residual momentum P,, the 
total kinetic energy 7,, and the total A and Z values. The computer 
either disregards the residual momentum, or, if so instructed, inserts one of 
the three choices of neutral particles (see above) with a total momentum equal 
to P,, and finds the total kinetic energy Y. The binding energy B, is then 
computed as shown in Sect. 2. The punch-out includes the quantities Po 
DCI SERI RATA RSI aC AIT | Trewtra (if any), and the associated noci 
After finishing this procedure for one set of A values for the various prongs, 
the machine selects another set of A assignments and repeats the mrocednre 
until all combinations of admissible A values have been tried, and B call 
culated for each. ihe 

In the analysis of non-mesic hyperfragments, for which the charge as well 
as the mass values of several prongs may be in doubt, and for which one ge- 
nerally cannot predict the presence and/or the identity of neutral OE 
it was felt that the Berkeley code described above is unnecessarily complex 
and time-consuming. A number of changes were therefore made: | 


1) On the input card for each prong, lower and upper limits on the 
Z value of that prong are imposed. The machine runs through the entire range 
of admissible Z and A values for all prongs. re : 
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2) For each event the code computes B, under the alternative assump- 
tions that a) no neutral particles were emitted, b) that one neutron with 
momentum P, was emitted, and e) that a 7° with momentum P, was emitted. 
The machine also punches out a special symbol if there exist one or more 
interpretations of a given event yielding By > 35 MeV, a limit that we chose 
arbitrarily as indicating compatibility with the emission of two or more 
neutrons. 


3) To simplify final analysis of the machine output, we allow the punch- 
out of the results for a given interpretation only if — 25 MeV < B,<-+ 40 MeV. 


4) In addition to the energy and the momentum, the momentum com- 
ponents are punched out for each Z and A assignment for each prong. This 
is helpful for manual analysis of the event if such is desired. 


5) The error calculations have been eliminated from the code, since they 
require a major fraction of the total running time and yet are useful only for 
those few interpretations which yield a reasonable binding energy. Errors for 
any «reasonable » interpretations are calculated, however, by running them on 
the Berkeley code modified to analyse only one specific interpretation for one 
set. of input cards. 


These changes enable one to run, for example, a three-prong event for 
which each prong may be either charge one or charge two (i.e., 1H, ?H, °H, 
*He, *He, *He) in about five minutes for all 216 combinations. Four input 
cards are used, and perhaps 30 output cards are produced. For a similar event, 
the unmodified Berkeley code would require 40 input cards, would yield 936 
output cards, and would take about twenty-two minutes. 
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1. — Introduction. 


A preliminary report, entitled A World Survey of Experimental Data on 
Hypernuclei, was prepared by us in April, 1957 (81) (*) with the purpose of 
summarizing the data then available on the basis of a critical reanalysis of 
individual events. The present paper is intended to be the final version of 
the same survey. Essentially no new material is included, but a detailed 
description of the salient features of the events considered and of the criteria 
adopted is presented. 

There exist already two surveys on hypernuclei, prepared respectively by 
the Warsaw (82) and the Rome (8*) groups. Both surveys aimed at a critical 
selection of events from among those published, but did not attempt a com- 
plete reanalysis of the data. The present work was motivated by the following 
facts: A large fraction of the available material is constituted by individual 
events obtained in various laboratories as by-products of different emulsion 


(*) Research supported by the U. S. Air Force Office of Scientific Research, Con- 
tract no. AF 49(638)-209. 

(*) Questo articolo, benchè di data anteriore al precedente, gli viene posposto per 
espresso desiderio degli autori. (NV.d.R.). 

(*) The references, prefixed with « R », apply to the text. A special list of references 
(no prefix) applies to Tables I through IX. 

(3) R. Levi SETTI, W. E. SLateR and V. L. TELEGDI: Proc. of Seventh Annual 
Rochester Conference (1957). 

(82) A. FILIPKOWSKI, J. GIERULA and P. ZIELINSKI: Acta Phys. Pol., 16, 141 (1956). 

(83) C. FRANZINETTI and G. MoRPURGO: Suppl. Nuovo Cimento, 6, 780 (1957) 
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experiments. Thus, in the measurement and identification of these events 
widely varying standards were adopted. For instance, as noticed by the 
Warsaw group (8°), six different range-energy relations were used in the eva- 
luation of the individual events as published. On the other hand, the 
binding energies of hypernuclei are very sensitive to the range-energy relation 
adopted, and to quantities which are frequently not measured, such as the 
density, 9, and the thickness, 7, of the emulsion. In most cases, the sole quoted 
error is that due to range straggling. While it is true that this error is ge- 
nerally larger than errors due to such other sources, it is however necessary, 
in taking averages, to eliminate systematic errors by using a single, reliable 
range-energy relation and appropriate weighting factors reflecting the un- 
certainties in individual calibrations. 

In order to apply standard procedures, both for identifying events and in 
deducing binding energies, it was felt necessary to re-analyze as many events 
as possible starting with raw data (ranges and relative directions of decay 
products). For this purpose, the original data were collected on standard data 
sheets, filled out through the courtesy of the experimenters. We give at the 
end a list of the contributing laboratories. References for individual events 
are appended to Tables I-IX. The present collection was intended to be 
complete for events published prior to the summer of 1957. In order not to 
delay unduly final publication of this report, a number of recently reported 
events were not re-analyzed or included. 


2. — Adopted standards. 


21. Energy determination. — We have adopted the recent range-energy re- 
lation of BARKAS et al. (84) for particles of unit charge. This relation may 
yield a systematic uncertainty in energy 6,, = + 9.6% Q. Wherever possible, 
particle ranges were corrected to standard emulsion density (3.815 g/em*) on 
the basis either of direct density measurements, or of muon range measure- 
ments from z-u decays made by the original experimenters. In certain cases, 
workers were kind enough to make such measurements a posteriori for this spe- 
cific purpose. For cases where this information was not available, we have 
etestimad the standard deviation in density on the basis of measurements no 
nine stacks used by contributors. This deviation turned out to be about 1%. 

The following are considered the errors affecting energy determination: 
1) Range straggling. This uncertainty is in most cases the main source of 
error in energy, and will be denoted by 6,: It was estimated from the work 
of BARKAS et al. (85), and checked using the monoenergetic pions from 9 two- 


(R4) W. H. Barxas, P. H. Barrett, P. CùeR, H. H. HECKMAN, F. M. SMITH and 


H. K. TicHo: Nuovo Cimento, 8, 185 (1958). 
(B5) W. H. BARKAS, F. M. SmirH and W. Birnpaum: Phys. Rev, 98, 605 (1955). 
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body (z-r) decays of ‘H,- The predicted spread was 1.65% in energy; that 
found was 2.5%. 2) Pellicle thickness uncertainty. In cases where the ori- 
ginal thickness had not been measured, we assumed an uncertainty of + 5% 
in the manufacturer’s nominal values. This estimate was obtained from 
Sampling 7 stacks of known pellicle thickness. A corresponding energy error, 
denoted by 6,, was calculated for each event. In a few cases 6, was as large 
as 0,. 3) Uncertainty in density. In general, this contributes an error 
dsp = + 0.0060(Ao/o) in the energy release Q. As mentioned above, Ao/o 
was taken as 1%, in those cases where 0 was not measured. 4) Range measu- 
rement error. In comparison to the errors just discussed, this error is usually 
negligible. We have taken 6,=6,+06,,+6, as the total energy error for 
each event, although this may be an overestimate. 


2°2. Constants adopted in computing binding energies. 


1) Q,, energy release in the free charged decay of the lambda. 
The value Q,= (37.22 +0.2) MeV was adopted. It is derived from the 
weighted combination of two measurements, viz. the result of FRIEDLAN- 
DER et al. (8), which when recomputed with the range-energy relation 
used here is (36.75 + 0.2) MeV, and the value of Barkas and coworkers (Bay 
Q,= (37.45 + 0.17) MeV. The average, weighted with the number of events, 
was taken notwithstanding the discrepancy between these two results. 


2) Tonic masses. These were derived from Wapstra’s tabulation (88), 
using for conversion the a.m.u. (931.141 + .01) MeV of COHEN et al. (8°). The 
errors in B, from uncertainties in these masses are one order of magnitude 
smaller than Q,. 


3) Mass of the negative pion, m_. The value (81°) m_c? =(139.63 +-0.06) MeV 
was adopted. 
The binding energies B, were computed from the equation 


By=Q—2Q, 


where @ is the kinetic energy release in the decay of the hypernucleus, and Q, 
is an intermediate constant (811) derived from those above. Q, values for the 
decays summarized here are listed in Tables I through IX. 


(®°) M. W. FRIEDLANDER, D. KEEFE, M. G. K. Menon and M. MERLIN: Phil. 
Mag., 45, 533 (1954). 

(ESSE DARIKAS. Pu Gn Gites, H. H. Heckman, F. W. Inman, C. J. MASON 
and F. M. SMITH: Padua-Venice Conference (September 1957) 

(®8) A. H. Wapstra: Physica, 21, 378 (1955). 

(8°) E. R. Comen, J. W. M. DuMonp, T. W. Layton and J. S. ROLLETT: Rev. Mod. 
Phys., 27, 363 (1955). 

(81°) E. R. CoHEN, K. M. Crowe and J. W. M. DuMOoND: Nuovo Cimento, 5, 541 (1957). 

(R11) N. SEEMAN, M. SHAPIRO and B. STILLER: Phys. Rev., 100, 1480 (1955) 
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General Footnotes to Tables I-IX. 


(DM — decay im fieht: 

ED) — COCs NOt Stop: 

() = figure not included in the average or in histograms. 
Explanation of symbols: 

OO MEM My, M;. F is the hypernucleus, F’ the nuclear core 
to which the A°-particle is bound. The index i labels the i-th decay particle. 

By = binding energy of the A° in the hypernucleus. B, = Q, —Q. ) = total kinetic 
energy released. 

6, = error on By from random sources (straggling, experimental error, uncertainty 
in emulsion density). 

Orne = error on By due to the uncertainty in the R-# relation. 

0-1 = angle of emission of the pion with respect to the direction of the momentum 


of the (x+p) system, in the center of mass of the latter. 
Qu = (2,+ 2,)?—|P,+ Pm: 
as PP 


ti = moderation time or time of flight. 

A = è, :(e,X€3). €; are unit vectors for the momenta of the decay products. 
Ryo = observed sc range. 

Rk; = recoil range inferred from momentum balance. 


In the column « Ref. », the first figure indicates the publication, the second figure 
the identification number of the event as given by the authors. 


— 


ae a 


A RE-ANALYSIS OF THE EXPERIME 
RE-ANALYSIS OF THE EXPERIMENTAL DATA ON HYPERNUCLEI ETC. 83 


3. — Methods of Re-analysis. 


Toe circulated forms requested the following information pertinent to the 
analysis of a hyperfragment decay: 1) Data on the primary track: range 
latitude, evidence for stopping (tapering or multiple scattering), charge (Sag 
SIAE or profile measurement), measured mass, and characteristics of the 
primary star. 2) Data on the secondary star prongs: ranges, latitudes, longi- 
tudes, errors in these three, and identities. 3) Thickness and dro the 
emulsions. 


=== sce 
T Tea n T T 
e'He from He Momentum Vs Range Curves: Recoils From HF Break Up 
o8He » “He 
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_ |@*He » He (2 body decay.11 events) 
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Sle. ili 
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— Wilkins Curves. Normalized To Fit 
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nj _—_—_—__ 4 i Hoel 1 
3 5 79 ‘clamee 20 30 Roum) 


Fig. 1. — Inferred momentum, P,, vs, observed range, Ry, of recoils from a two and 
three-body decays. 


Mesic decays usually involve one or two disintegration products in ad- 
dition to the pion. In any given decay, the shortest of the prongs (of observed 
range R,) was labelled the recoil, «r ». Once the colinearity or coplanarity 
of the decay prongs was established for a given event, the recoil was generally 
identified from momentum balance. Fig. 1 is a plot of R, vs. P,, the recoil mo- 
mentum inferred from the non-recoil particles, in a given decay. The (Ko, P,) 
point corresponding to the x-r decay of *H,, from nine events with a stopping 
pion, was found to be ((8.32 + 9.1) um; (132.2 + 0.5) MeV/c). The range-energy 
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curves of WILKINS (8!) were translated along the range axis to go through 
this point. As can be seen from this figure, *He and ‘He recoils from 3-body 
(x-p-r) He, decays can be satisfactorily identified in cases where R, > 3 um. 

Except for two cases of unusually «large » R,, these curves were not useful 
for assigning A to hypernuclides with Z > 2; they could only indicate a lower 
limit to the recoil charge. When the point (R,, P.) for a recoil was consistent 
with only one of these curves, the event in question was considered uniquely 
identified. More complicated decays (those occurring in flight, involving neutral 
particles, or containing more than three disintegration products) could not 
be treated by this standard method; special analysis was required. In all 
cases, the hyperfragment charge determined from charge balance was com- 
pared with any information available on the hyperfragment track. A more 
complete discussion of these methods (particularly the comparison of R, with 
f,, the range inferred from P. and the momentum-range curves) may be found 
elsewhere (81). As momentum balance overdetermines a x-r or T-p-r decay, 
these points R,(P.) provide a verification of Wilkins’ range-energy data for 
doubly charged particles. 


4. — Results and discussion. 
Tables I through IX contain the results of our recomputations. 


41. Binding energies (By). - Uniquely identified events are grouped in 
tables corresponding to each Specific hypernuclide. Non-unique events are 
grouped according as their probable Z is 1, 2 or undetermined. In no indi- 
vidual case has an identity been inferred on the basis of B,. The tables 
contain, for each event, a comparison of (Z, A) assignment as given by the 
original authors with those determined by us. Most of the non-unique events 
are x-p-r decays where P, is small and therefore the identification does not 
greatly affect the deduced B,: In cases where only one B, is quoted for 
several interpretations, it varies less than 0.5 MeV from one interpretation 
to another. 

Fig. 2 contains plots of the frequency distributions of B, for all the well 
established hypernuclides, and includes also a group of non-unique mass but 
singly charged x-p-r events from Table IT. 

Average B,’s are presented in Table X, which also lists the values quoted 
in our preliminary report (R1). B, (*H,) determined Separately from x-r and 


(Re J atJe WIBKING A, RoR EB G/R 664 (1951). 
(818) W.E. SLATER: Suppl. Nuovo Cimento, 10, 1, (1958). 
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TABLE X. — Summary of binding energies of mesic decays. May 1958. 


mo As reported at Rochester 
entity April 1957 (2) May 1958 (°) Total 
By Tav One ae 3 BA Tav Ong ore 
(MeV) |(MeV)|(MeV)| ©VeNtS | (Mev)| (MeV) |(Mev)| events av- 
| averaged eraged (°) 
| de = 
Uniquely identified events 
3H, 0.25 | 0.31 | 0.2 9 0.20 | 0.50 (°) | 0.2 7 9 
SE 1.44 | 0.20 | 0.25 21 IST R0 2010) 025 21 26 
‘Hey L770 | 0324 | 0:2 9 ROS | KOZIONS) 02 ©) 9 
“Hex Doo OTP 0:2 15 23210 Oe 2 ONC) 02 7 19 
"ax 4.17 | 0.62 | 0.2 2 4.80 | 0.50 (4) | 0.2 3 3 
SLi, Ome e tO eat OCS 1 5.60 | 0.40 (4) | 0.25 3 3 
Li, — cy ee = GITE |. 0.70 0.3 1 i 
| 
SBey 5.9 0.5 | 0.2 I 6.25 | 0.60 0.2 1 1 
2130 6.13 || 0.33 | 0.2 3 6.43 | 0.40 (2) | 0.35 3 3 
Non uniquely identified events 

BoE O31 50:36 | 0.2 5 0.0 0.4 (0) | 0.2 5 7 
45He, 235 eo ela LA a 12 14 
Z> 2 = nali | Pe | = Sa | = — 106 22 


(a) Based on Qa = (36.9+ 0.2) MeV. (FRIEDLANDER, KEEFE, MENON and MERLIN: Ref (Ro) 
and recalculated value, 1957, private communication). 


(b) The value of Q, used in the present computation is (37.224 0.2) MeV. This value is based 
on a recomputation (1%), (36.754 0.2) MeV, of the events of FRIEDLANDER ef al. (Rs) using the 
latest range-energy relation (84) combined with the value (37.45 0.17) MeV given by W. H. 
BARKAS et al. (8°). 


_ [2 (Ba — Ba)]} 


s = (d6E)7. 
(n— 1) Da, 


(c) Gay obtained from the distribution of BA. ay 


(d) Ogy = (2 0)+. 


(e) Only events in which the 77 stops in the emulsion have been included in the averages. 
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0.31) MeV and (1.87 + 0.25) MeV respectively. B,(*H,) 


al 


non-7t-r is (1.71 4 
seems less reliable than the binding energy for other groups of events. The 


TT 


spread, o(?H,)=1.4 MeV, is considerably larger than that of any of the 
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Fig. 2. — Distribution of binding energies, By, for specific hypernuclides. The dot 


with indicated errors above each histogram represents the mean of the distribution 
and the associated uncertainty 0,, + Org + dg 
A 


other distributions, as displayed in Fig. 2. o(*H,) is 0.8 MeV, while o(*He ee 
=o(?He,)=0.6 MeV. These values are reasonably consistent with the calculated 
dH’s listed in the tables. 

Because of the interest in the possible existence of °2H,, we may speculate 
about the masses of the five non-unique H a events (Table II). B, was found 
to be (0.0 +0.4) MeV; c= 0.7 MeV. This Spread indicate, that these events are 
consistent with a single hypernuclide. Assuming that this is in fact the case, 
the most likely identification is *H,. 
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AVENAO > rara nic DIO c Mi i È i 
The average B,’s are plotted vs. mass number A in Fig. 3. The possible 
Huctuations of these points with respect to each other are expected to be con- 


fined within the limits of the C4, 8. 
A change in the value of Q, would 
translate the whole set of points. 
A word of caution is in order for 
hypernuclides « established » by 
only one event, such as SBe,, and 
*Li,, which involves a low energy 
neutron. Until they are verified by 
additional examples, the 
existence of such hypernuclides is 
open to question (*). Conversely, 
€.9., “He, would, if it existed, 
easily escape detection since one 
would include its most probable 
decay mode [*He, > (*He + n)+ 
+p-+zx-] among the *He, three 
body decays. Similar arguments 
might lead to the confusion of 
(A-+1), with A, if a slow neutron 
is involved. 


even 


4°2. Decay dynamics. — For x-p-r 
events, the x and the p were 
treated kinematically as the two 
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Fig. 3. — Binding energies of hypernuclei as a 
function of atomic number A. In the case of » 
charge doublets, the number to the left corres- 
ponds to the lower Z member and the number 
to the right to the higher Z member. The insert 
to the left of the figure is self-explanatory as 


far as the indicated errors are concerned. 


decay products of a fictitious « A » particle. Its momentum (P,,,) and Q-value 
(Q.,,) were calculated for each event. The angle, 6_, (814), between P,, and P. in 


1 Event 


the rest frame of the « A » was also 
determined. P.,,, 4, and cos 6_, 
are listed in the tables. Moderation 
time (t) and a quantitative indica- 
tion of colinearity (sin «, see tables) 


Fig. 4. — Distribution of the quantity, 
cos 0. defined in the text, for all 
decays involving a pion and a proton. 


(*) Note added in Proof. — The existence of *Li, has been confirmed in a recent study 
of hyperfragments produced by K captures (R. G. Ammar, R. LEVI SETTI, W. E. SLATER, 
S. LIMENTANI, P. E. ScHLeIN, and P. H. STEINBERG, to be published). 

(B11) P. ZIELINSKI: Nuovo Cimento, 2, 253 (1956). 
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for x-r events, and coplanarity (A, see tables) for 7-p-r events were also 
determined. 


Q1Event 


CHANNELS 
0 10 20 Qu MeV) 30 40 


Fig. 5. — Distribution oi the quantities P,,, and Q,,,, defined in the text, for all 
decays involving a pion and a proton. 


The collective distributions for cos 0,., and P,,, and Q,,, are shown in 
Figs. 4 and 5 respectively. The distribution of cos f_, Shows a large excess 
of «forward » pions: 56/71. This effect, as suggested by DALITz, may be due to 
Strong final state interactions. Cos §., and Q,,, are shown separately for five 
of the larger groupings of events in Fig. 6. The classification of the events as 
uniquely or non-uniquely identified ones introduces a Strong bias in these separate 
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Fig. 6. — Distributions of the quantities cos 0-, and Q.q, for specific hypernuclides. 


plots. Uniquely identified events are generally those having a long recoil and 
therefore a large P.,,: Due to the functional relationship between Q,,, and 
P.,,, this selection favors events with low Q.a,- This effect is clearly shown 
by the plots in Fig. 6 for the groups ‘He,, *He,, and Asia 
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Data from which hypernuclear lifetimes might be estimated are the fol- 
lowing: 


| 
6.3 1.0 | 
| 


where t is the total moderation time, including both decays at rest and in 
flight, and » is the number of the latter. Besides their statistical limitations, 
these data collected from many different sources do not allow an adequate 
evaluation of biases influencing the observation of decays in flight. 


5. — Remarks. 


We have not included in this collection any events not found in emulsion 
or not emitting a charged pion. In cloud chamber photographs, two mesic 
decays have been observed, viz. one ‘He, (8!) and one probable *?H, (8). 
While the occurrence of hypernuclei decaying by emission of a neutral pion 
is theoretically anticipated and has been verified in one instance through the 
observation of the DALITZ pair (8!”), we believe that in general events for which 
this decay mode has been invoked admit other interpretations, 7.e. we concur 
with the comments of FRANZINETTI and MoRPURGO (®*) on this problem. 

The primary aim of this survey being the extraction of reliable hypernuclear 
binding energies, we have ignored all events decaying non-mesonically. Even 
in cases where the assignment to a given species is unique, the binding ener- 
gies derived lack accuracy due to the large energy release involved. The 
mesic/non-mesic branching ratio, a quantity of great theoretical interest, 
cannot be derived reliably from a survey of published events, inasmuch as 
there is considerable bias towards publishing only exceptional non-mesic events. 
This quantity must be obtained from systematic experiments, such as that of 
the Wisconsin group (°) and of the EFINS group (*"*). 
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Finally, the so-called anomalous hyperfragments (™°™?), i.e. events in- 
volving exceptionally high energy release, need to be mentioned. With the 
exception of the event of Ref. ("2), a complete description of these events ~ 
has been given by FRANZINETTI and MorpurGo, We share the conclusion of 
these authors that so long as these events remain unconfirmed by the obser- 
vation of other similar cases, it is unwise to attribute too much significance 
to them. 

While the present survey was mainly prepared to present a critical sum- 
mary of events published in the past, the authors hope that it may also serve 
the purpose of guiding experimenters in presenting results in the future on a 
standardized basis. 
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